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Chapter 1.

ni»moDuc?ioN

In recent years, the scintillation counter has "been proved

to "be of great value in those experiments in which nuclear

particles and electrons are 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 as}for example^activated sodium iodide crystals.
The amount of light emitted is a function of the energy lost by

the particle in the scintillating material (or scintillator) which

in. turn is a function of its velocity 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 occasionally large bursts of light

corresponding to a total energy loss of several hundred MeV,

In the experiments to be described later, pulses corresponding to

an energy loss in a plastic scintillator of over 1 GeV have been

recorded but only at a frequency of not more than one per 40 hours.

These large pulses can only be due to cosmic ray events, and it has

been the aim of this work to study these large pulses, to investi¬

gate what type of process cculd produce them.

As long; ago as 1932, Blackett and Occhialini using Geiger

counters discovered cosmic ray sho\?ers. 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, too; in 1933^
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by counting coincidences between three trays of counters^ investi¬

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:

<i) Cascade (or electron) shower,

(ii) "Knock-on" showers

and (iii) penetrating showers.

Any or all of these showers may occur as part of large

"air showers" covering areas of several hundred square metres.

Of greater interest and importance are the penetrating, showers

consisting of relatively small numbers 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 (ofo-I^Jof the total radiation even at an altitude of

7,000 ft. 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 a 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 various ways i.e. 4-1, 3-2 ... etc.,

two of these alternatives "being operated simultaneously. A

detailed analysis of the cloud chamber photographs gave a 15%

detection efficiency for penetrating showers containing three or

more penetrating; particles, 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 a system can best be treated

by referring to the details of the Farmolada system.

One tray of counters was placed immediately above the

chamber, the other one below the chamber. Generally, each tray

was covered top and sides with lead of thickness 10 cm, the top

layer acting as the target for the fast nucleons striking the

system. Since the interaction length of these particles in an

absorber is about 100 gn/cm , about two thirds of the particles

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 particles

may not be travelling vertically and partly because the smaller

showers would be unable to discharge the required number of counters

in the tray. If the lov/er tray is set for n-fold coincidences

where n ^ 2, more than n particles are required,(on the average,]
to make certain that a coincidence is recorded.

The lower lead shield helps to reduce the number of electron

showers recorded by the system. These showers are a nuisance and

are extremely difficult to avoid. A fast electron striking the

top lead shield multiplies, producing electrons and photons in a



cascade process, These secondary electrons are absorbed in

the lead but unfortunately the photons are not so easily absorbed

and some of these may eventually reach the lower tray. One very

striking example of this v©s taken at Marmoladaj a photograph

showint about 20 tracks of low energy Compton recoil electrons

was obtained but no other tracks although the hodoscope reading

showed a 10-10 coincidence in the counter trays,

"Knock-on" showers are also difficult to avoid, A fast

jU. -meson producing a snail knock-on shower can trigger the top

tray, and a 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 number of such showers

due to the great penetrating power of these mesons.

After djwhile it seemed that there would be no advantage to
be gained by any are-arrangement of the counter system. Any further

improvement could only be gained by exploring the possibilities of

using a different type of counter.

In most interactions or "stars" involving nucleons, low energy

nuclear particles ("evaporation" particles) are emitted in addition

to the meson secondaries. Hence 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 bySalvini^Sl)
and J\slGoli(/c/s'z) 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



counters or to use a xnijoed system.

In the new system, two scintillators were to be used, to

replace the original Geiger counters. One of these would also,

in addition, replace the top lead Shield and act as the target

for the incident nucleons. If a high energy star va^produced

in this scintillator, the evaporation particles having, only small

range would be stopped giving a large light output. The secondary

particles, raostfl\ -mesons escaping from this scintillator would be

recorded by the second scintillator, the chamber being triggered by

a 2-fold coincidence. This second scintillator is necessary

because only about 10^ of the stars occurring in the top scintil¬

lator contain fast meson secondaries, the other 90^ being due to

the capture of relatively low energy nucleons. The question of

size of scintillator is important, A large scintillator is

sensitive to electron showers of all kinds, giving a total light

output similar to that obtained from a star. This difficulty can

be avoided by using several small Sodium Iodide crystals, each

having its own photoimiltiplier, and arranging that the chamber be

triggered by a 2-fold coincidence between any one of these counters

and the lower counter. This second counter should have a large

area and for this a slab of plastic scintillator is ideal.

Since only 2-fold coincidences are required, it is necessary

to have a coincidence unit of small resolving time and for this

a resolving time of not more than 20 milli^-sec. was aimed at.
This ideal arrangement is not a very practical one to use as a

pilot scheme, particularly at sea-level owing to the very low

intensity of the star producing radiation. Accordingly attention
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which were observed using a piece of plastic scintillator, to

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

ray events.

To assist in the interpretation of these observations, an

automatic 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 chamber and followed in later chapters by a

description of the various electronic circuits which have been

constructed and tested. Finally, a chapter is devoted to pictures
*

taken with various counters arrangements, consisting of one and

then two scintillation counters and also of a mixed system con¬

sisting of one scintillation counter and one tray of Geiger

counters.



Chapter 2 .

XFSCKIPTIOI] OP CLOUD-CIiA?\BEE A: D ASSOCIATED FLECTROMCS

2.1. Introduction.

The cloud chamber described here is based on a design by

E.J, Williams (1939)* She original form of the present apparatus

has been described by D.N. Davies, tilth whom the writer was working

during his first year of research. The chamber itself will

therefore only be described briefly.

The modifications made by the writer, including adaptation,

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 cloud chamber is used,

and one to three clearing expansions can be done automatically

after a fast expansion^ in order to clean the chamber.
In addition 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 t®s particularly necessary for the experiments

using a fast coincidence system for chamber triggering to be

described in Chapter 10 , where fairly fast repetition rates were

used.

2.2. Description of chamber.

The main features of the chamber are shown in figure 1 .

The working volume, V, has a diameter of 13 inches and 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. The
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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 ratio of the chamber. The plate H can be moved away

from or towards Pj the two plates remaining parallel, by means

of three symmetrically placed screws T, projecting from the

back of the chamber. The volume between the diaphragm, the

brass ring C and the chamber back plate P can be pressurised,

forcing the diaphragm forward against the pressure in the working

volume.

Pressure gauges G are connected 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 diaphragm has 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 P. This is normally closed by the expansion

valve (see section 2.4.1.) Two Klinger stop-cocks are screwed

into the plate F. One is for admitting gas to force the diaphragm

forward, and the other one which communicates with the atmosphere,

is for performing slow expansions.

Thin copper pipes are wound round the front window ard round

the brass ring C. Gold water circulates through them, aiad helps

to keep the chamber at an even temperature.
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2#3« The electric clear!ng field.

An electric field is used to remove any ions from the sensitive

volume ■which are formed while the chamber is waiting to be expanded.

If these ions were not 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 gauze and were each supported by three bakelite rods threaded

into the plate P. For reasons to be mentioned later, the electrodes

were eventually made from thin copper sheet, in contact with the

chamber wall B, and held in position by vacuum grease. The

electrical connections to the electrodes are introduced through

holes in the ring R^, which are sealed, at each end by rubber bungs
to act as pressure seals and to insulate the input leads.

A lead block L, 1l|r inches x 3i inches x 1 inch is supported

horizontally at the centre of the chamber by means of two j inch

diameter 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 are both at the same positive

potential. It is also used to estimate the energy of particles

forming tracks, as the energy loss in passing through it can be

computed.

2.4-. The chamber valves and associated mechanism.

2.4.1. The expansion valve.

The expansion valve can be seen in figure 1 . The hole in

plate P 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 K. A brass tod & 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 40 gauge wire and energised by an ex-government

rectifier giving 120V B.C. When the disc 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 lb,

per sq, in, above atmospheric, and the area of the valve is 2 sq, in,,
the maximum force needed is 50 lb, wt»

2.4.2. The filling valve,

The front of the chamber can be filled with gas through a

filling valve, which is connected to a hole drilled in the side of

the plate P, and connecting with the front of the chamber. This

hole can be sealed off from the outside, by means of a needle valve,

the point of which seats into it. This prevents any pockets of

gas in the filling valve firom interfering with the chamber action,

by introducing gas into 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. When filling the chamber,

alcohol is put in the valve, and is then carried into the front

volume with the gas entering1; from the cylinder.

2.4.3. The slow expansion valve.

In order to introduce cleaning expansions into the automatic

cycle, a slow expansion valve was required. This is fixed to the

back of the chamber, and can be operated magnetically to let out

the gas in the back volunu slowly.

Figure 2 shows the construction of this valve. The hole A,

*§• inch In diameter can be sealed by the rubber bung B. The outlet C
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is connected to the hack volume of the chamber by rubber pressure

tubing. The valve can be kept closed against the back volume

pressure by means of the spring D which bears against the disc E.

The tension of this spiring 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

volume when the valve is opened.

The shaft J is connected to an electromagnet, which is a

modified version of an ex U.S. Navy bomb release mechanism. The

coil has been rewound to operate at 1207 B.C. With a back volume

pressure of 25 lb. per sq. in., a force of about 5 lb. 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 ,4.4. The recompression cylinder and valve.

After each chamber expansion (slow or fast) the back volume

of the chamber needs to be re-compressed, in order to be ready

for the next e xpansion. This is done by opening a valve and

connecting a large pressure reservoir to the back volume of the

chamber. The reservoir is maintained at a pressure of about

25 lb. per sq, in. When the valve is opened, the pressures

equalize at about 22 lb. 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 valv® assembly screwing into the top of

the cylinder. The lower part of the valve, which is turned from
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a single piece of brass, also carries inlet connections for the

pump and for the pressure control switch* These inlets eoEaimni-

cate directly with the reservoir.

The valve is shown in figure 3 . The hole A of diameter

1-g- inches cansnunicates directly with the reservoir pressure, the

threaded portion of B being sorevved into the top of the reservoir.

The valve can be closed by the moveable piston C, the O-ring D

making the pressure seal. C is hard soldered to a steel shaft 1,

which passes through a hole in the top part of the valve P. The

pressure seal is made by the O-ring G« An O-ring H makes the

seal between B and P. A tendency for the O-ring in the piston

to blow out when Hie valve opened was corrected by drilling some

sraall radial holes J, which equalise the pressures at 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 electromagnet L. A circular iron disc M is

threaded into the top of the shaft to complete the magnetic circuit.

The position of M can be adjusted to obtain the most efficient

sealing action. The magnet coil N is of 40 gauge copper wire,

wound on an insulating former P. The magnet is energised by a

supply of 120V B.C.

The outlet E is connected to the back of the chamber by

pressure tubing of diameter 1-|- inches. This tubing;, and the gas

passage inside the valve, were made as large as possible in order

to obtain maximum speed of recompression.

2.4*5. The reservoir pressure control system.

The pressure in the reservoir is maintained approximately
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constant fey means of a pump controlled fey a pressure switch.

Shis switch is so arranged that the pump is switched on whenever

the pressure in the reservoir falls "below about 24 lb. per sq. in.,

and is switched off again when the pressure has risen to 25*5 lb*

per sq% in*

The pressure control is a type K6/TI2/2 manufactured by

Teddington Industrial Equipment Ltd* The operating element of

this control consists' of a flexible metallic bellows unit, which iy

connected directly to the reservoir. The >povement of the "bellows

resulting from pressure changes is employed to operate a mercury

tube switch* The bellows movement is opposed fey a spring, the

compression of which can fee varied manually to raise or lower the

operating point (tO «* 55 lb. per sq. in*) The differential

pressure (the difference in pressure between the point at which

the switch makes the circuit on fall of pressure, and the point

at which it breaks the circuit on rise of pressure) is also
-2

adjustable and this is used at its minimum value of 1.5 lb. in .

-2 -2
The switch is set to operate at 24 lb* in and pump to 25*5 lb. in

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.

2 .4*6* Susaaary of chamber mechanical details.

The layout of the chamber, and the valves described in the

last few sections is shown in figure 4 • The volume A represents

the back volume of the chamber, R is the pressure reservoir,

the fast expansion valve, Vp the recompression valve and Y^ the
slow expansion valve. S is the compressor pump and P the

pressure control.



R

inf
V,

V_V^-Fast
Expa

nsion
Valve

2̂~

Recompression
Valve

%-si

owExpansion
Valve

P-Pressure
Control

A

-Back
Volume

of

Chamber

R-Pressure
Reservoir.

Arrangement
of

the

Mechanical
Valves
for
the

Cl.oud

Chamber,
Figure
4



14.

2 ,5, The ohotogra-phic mechanism,

2 .5,1, The cameras.

Two cameras have been used with the chamber. The original

plate camera was replaced when the chamber was made automatic,

as a camera using 55 nm, film was much more convenient. This

can easily be wound on automatically after a picture has been taken

(a) The original camera

The original camera used with the chamber was a plate camera

taking plates 3x dn x in, Photographs were taken in stereo¬

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

f = 5 cm, and maximum aperture of t 4,5. The horizontal

separation of the lens axes was 2 inches. The camera was mounted

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

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

diameter of the cloud-chamber. By inserting a ground glass screen

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

the plane of best focus. The distance between a convenient point

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

sensitive volume of the chamber was measured. The camera was

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

being adjusted until the plane of best focus occurred at the

measured distance, Allowance was made for the shift of the

apparent position of the object due to the thick front window of

the chamber.

(b) The -present camera

This camera uses two Ballmeyer anastigmatic lenses, of

maximum aperture f 3.5 and focal length 35 mm. These lenses



15.

have been matched by the makers for use as a stereoscopic pair.

The lenses are mounted in the front of the camera with a hori¬

zontal separation of their axes of two inches. Photographs are

taken on 35 am recording film, Ilford Type 5G91 • The lenses are

placed at such a distance from the film as to enable the whole

chamber to be included in a photograph, with the plane of best

focus approximately 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 a horizontal wooden platform so that

the line joining the centres of the lenses is horizontal and passes

through the chamber horizontal axis. It is also symmetrical with

respect to the chamber, 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 vertical shaft*

This shaft is coupled, through suitable reduction gearing., to a

small A.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 a sufficient amount. As

there is a fairly large space between the two photographs in a given

pair, the next pair is taken with one photograph between the two

images of the succeeding pair. Thus, the cam is arranged to wind

on lengths of film 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 dcran by passing a current through

its coil, until the cam has rotated far enough to hold it dovm

mechanically. The relay coil circuit is made by one of the

uniselector contacts (see later), the wind on taking place soon

after 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, at rates of photography,

therefore, development of exposed film must be done fairly often.

^ •5.2. The chamber illumination system.

(a) The nhotoflash tubes

Two straight photoflash tubes are used to illuminate the

sensitive valueae 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 F for each lamp, and charged to a potential of about 2,500 volts.

These condensers can be placed across the lamps for a short period

without discharging through them. A small coil of bare copper

Tore is wound round each flash tube, about 3 inches from the end of

the tube which is at earth potential. The coils from both lamps

are connected to the secondary of a spark coil, and when the

primary is excited, the insulation in the flash tubes breaks dovm.

The condensers then discharge, dissipating about 260 joules in

each lamp. A general arrangement drawing of the f ront 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 camera

shutters are left open while waiting for a photograph.
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0>) The lamp lens system

Originally, two planoconvex 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 diameter,

one half being fixed to the front of each flash tube, the flat

surface of the lens being in contact with the tube. Together

with stops in front of the lamp, this system worked reasonably

well while the plate camera 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 A.)

2.6. The chamber hut and thermostatic control.

2.6.1. The cliaraber hut.

The chamber, and the associated equipment including the pump

and the recompression reservoir, is enclosed in a fibreboard hut,

This serves two purposes:*

(i) It enables the chamber to be kept at an 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 fo£ ing the film.

2.6.2. The thermostatting arrangement.

This consists of a fan and three tubular electric heaters.

The fan is fixed 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. She

three heaters are placed along three wills of the hut, and are

operated by a bimetallic thermostat. An indicator light outside

the hut shows when the heaters are on. The thermostat temperature
Vv

setting is adjusted until the indicator light shows that the heaters

are being -turned on and off regularly, so that an equilibrium hut

temperature is being maintained. This temperature is usually
•-••■•I*''-;- . "

about 65°F.,

2.7. The electronic control system.

2.7*1 • The original system.

The control system used before the chamber was made automatic

will only be described very briefly.

When. the chamber was triggered, either manually or by a pulse

from a counter. system, a ihyratron conducted and tripped a relay.,

This opened the expansion valve circuit, shorted out the clearing

field and operated a second relay which changed over the photo-

flash condensers from the charging position, to across the flash

tubes.

After a variable delay, produced by charging a condenser

through a variable resistance, a thyratron conducted and operated

a relay which discharge^ condenser through the spark coil primary,

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 photographed.

Before taking another photograph, the electronics had to 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.

2.7.2. The present system.

(a) Control Sequence

The sequence of operations in the automatic cycle is given

below. The number of clearing expansions performed can vary

from zero to three, according to the necessity. The stages are:*

(1) Open expansion valve and short clearing field to earth.

Change over photcflash condenser relay.

(2) Make variable photographic delay (0.1 * 0,2 sec.)

(3) Trigger flash tubes to take photograph, and open

recompression valve.

(l) Close recompression valve, wind on camera and make

delay (about 15 sec.) to allow temperature equilibrium

to be reached.

(5) Open clearing e xpansion valve and make delay (about

15 sec.) to allow cloud formed in clearing expansion

to fall to the foot of the chamber.

(6) Close clearing expansion valve and recompress.

If more than one clearing e xpansion is done, the stages

4-6 are repeated each time.

After the final clearing expansion a delay of up to two

minutes can be made to allow the chamber to settle down. During

t e whole cycle after the chamber is first triggered, the input

is disconnected until the cycle has been completed. The clearing

field is put back on after dt&gc 6.
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(b) The uniselector

A uniselector is used to carry out the cycle sequence. This

consists of a multiposition switch, having fixed contacts arranged

in "banks around a semicircular arc. Moving wiper arms (one for

each bank) make contact with each pin of the bank in turn. The

operation is electromagnetic, the selector moving round by one

contact when current is passed through its ceil for a short time.

The selector used in this case has four banks 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

36O0 rotation# In this case the selector reaches its initial
o

position after every 180 rotation.

One bank is used to make the connections necessary in order to

rotate the selector with appropriate delays. The other three banks

are used either to switch in connections directly, or to operate

relays. In addition to the new functions, the uniselector also

performs the operations originally done by a separate tiningcircuit

in the non-automatic chamber.

(c) The uniselector driving circuit.

The uniselector is driven by a circuit containing a thyratron

(type EN91) . The time delays are obtained by charging a condenser

connected to the grid from about -80 V to the thyratron striking

voltage (between -2 Y and earth). The driving circuit is shown in

figure 6 *

«hen the selector is stationary, the thyratron is prevented

from conducting by the bias potential of -84 volts on the con¬

denser C, connected to the grid. This bias potential is obtained

from a stabilizer, type CV449, having a burning voltage of 84 volts.

The same bias potential is also used to bias off the other thyratrons
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in the control circuit. In order to trigger the thyratron, it is

necessary to remove this Mas voltage.

When the uniselector wiper arm is in contact with pin 1 of

the contact hank, the grid of the thyratron is connected to the

Mas voltage directly, through a 50-0. resistance. This ensures'

that the thyratron remains non-conducting during the chamber waiting

period.

The thyratron anode circuit contains a relay, relay 0,

and there is a switch S in the anode circuit. The operation is

as follows. With the wiper arm in contact with a pin other than

pin 1, the condenser C (2 F) charges through a resistance R, the

other end of the resistance being connected to the +120V B.C. line.

The condenser then charges towards +120 V at a rate determined by

the value of the time constant EC. When the grid reaches about

-2V to 0V with respect to earth, the thyratron conducts, causing

relay G to be energised. A contact on relay G connects the +120V

supply to the uniselector coil through a suitable dropping resis¬

tance, causing the selector to move on one contact. A second

contact on relay G- discharges condenser G through a 50-Q resistance,

returning; the grid potential to -84V 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. When

the selector has moved on one contact, the H.T. voltage 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 repeated. The uniselector thus completes a full 180°
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rotation, until the wiper arm comes round again to position 1.

As the same condenser is used for all the delays, different delay

times are obtained by varying the value of the resistance through

which it is charged.

(d) Uniselector triggering and fast expansion circuit.

The cycle is initiated by the discharge of a thyratron

having a relay in its anode circuit. The anode of the thyratron

is connected to about 350 V D.C., supplied by a small metal rectifier

It is connected at the junction of a 1 M J1 resistor in series with

the rectifier as a current limiter, and a condenser connected

between H.T, and earth. When the thyratron is triggered, the

condenser discharges through it, bringing the relay into operation.

As no relay holding voltage is supplied the relay goes down, and

them comes up again rapidly as soon as the condenser is discharged.
• /$f; • ';'T'

The B.C. current through the 1 M Sl resistor is insufficient to keep

the relay down.

When the relay is triggered it opens the expansion valve circuit,

causing a fast expansion. In addition to this, a make contact

connected in parallel with contact 2 on relay G (Gg) makes the
uniselector coil circuit, so that the selector moves from pin 1 to

pin 2. Thereafter the cycle continues as already described. It

is necessary that the relay should stay down for the minimum time,

as otherwise the expansion valve would remain open, so that

recompression could not take place, and also the uniselector coil

would remain energized for this period. ^ circuit is shown

in figure 7«
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(e) Clearing field circuit.

Problems in connection with clearing-, field.

At the pressure of operation of the cloud chamber, considerable

field separation of counter controlled tracks would take place unless

the clearing field was removed very rapidly after the chamber has

been expanded. The mobility of argon ions at the pressure used
X

(about 1 atmosphere above atmospheric) is about 1 cir/sec per

volt/cm. 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 column (+ and -) through a distance of 2,5 mm, i.e. a

track separation of 5 ran. This is a maximum value, for tracks

perpendicular to the electrostatic field. Hence the field must

be removed as quickly as possible.

Circuit - See figure 8,

The positive clearing field is about 400? 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 Ji. resistor

in series with the rectifier is connected to the anode of a third

thyratron (V0). When the valve is triggered, its anode potential

rapidly falls to about 8Y, which is the value when conducting. If

this residual clearing field was left on for too long, it would be

sufficient to cause some field separation of the tracks. With

this voltage, the field strength is about 0.5 volts/cm, giving a

separation in 0,1 sec of 1 usn. It was thus also necessary to

remove the residual field rapidly.

In order to do this, a high speed Siemens type relay is used.

This is connected in the anode circuit of a fourth thyrairon (?^)»
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one end of the relay coil "being connected to +1207 D.C. Vflien

the thyratron conducts, the relay shorts out the residual voltage

across the clearing field thyratron, at the same time extinguishing

it. No dropping; resistance is connected in series with the relay

coil, so that the relay operates as quickly as possible, and the

thyratron continues 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 high-speed relay, and conduction

of V^,take place for the minimum time. A separate thyratron is
used to operate the high-speed relay, so that the majority 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

thyrs-tron anode potential at its conducting value (about 8 volts).

(f) General remarks on foregoing circuits.

The grids of valves and are all connected together

so that they are all triggered simultaneously by an applied pulse.

Cut-off bias is obtained by connecting them to the -84V supply

through a grid stopper resistance.

(«) Electronic flash circuit.

This unit is mounted on a separate chassis from the rest of

the chamber control electronics. A circuit diagram is given in

figure 9 . The flash tubes are energised by discharging

condensers with a total capacity of 99/^F, and at a potential of

about 2,300 volts through each one. The valve is a high

voltage rectifier, type CV261, and valve V„ is a beam tetrode,
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type C71374 (807). The switch S is a double bank toggle switch,

consistinj of sections S and S, • S is in series with the A.C,
a D ! a

mains and the high voltage transformer, and is connected across

the grid bias resistor of "When it is required to charge the

condensers, is closed and is open. The valve Vg is chen so
biassed that it only conducts about 40 A. The high voltage relay

is so energised that it connects the two condenser banks across the

charging supply. This relay has two separate coils. 'When one

coil is energised the armature is held in contact with the charging

supply. Breaking this circuit, and energising the other coil

connects the condensers across the flash tubes. The holding and

triggering voltage supplies (about 12V each) for tnis relay are

supplied through a relay on the main chassis. This relay is

energised by the uniselector as soon after the chamber is triggered

as possible, breaking the holding voltage and making the triggering

voltage supply. The lamps do not flash until they are triggered

by the spark coil. The uniselector actuates a relay which dis¬

charges a condenser through the primary after a suitable 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 Vg is shorted out. The valve then conducts strongly,
discharging the condensers through it.

Power supplies for this chassis are brought in from the main

chassis, using 6-core shielded cable and connectors. These supplies

consist of A.C. mains, filament voltages and holding and triggering

voltage supplies for the relay.
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( **) The cleartng-ex^d^flcycle.
The method of operation of the clearing-e*/ariS7£%eycle can be seen

from figure 10$ which shows the pin connections on banks 2, 3 and

4 of the selector. The connections on bank 1 have been given in

figure 6 for the selector drive circuit.

It can be seen that relay J) 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 voltage) 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 convenience.

The delays between recompression and slow expansion (about

15 sec) are obtained by inserting appropriate resistances in the

driving, circuit, no connections being made to the corresponding

pins on the other contact banks.

The slow expansions are obtained by connecting the +120Y D.C,

supply directly to the alow expansion valve coil, thus opening

the valve against the tension of its spring, A suitable delay

(about 15 sec) before recompression fs^as above, A multi-bank
switch (S ) enables one, two or three clearing expansions to be

done. When a clearing expansion is omitted the long delay

corresponding to the wait before recompression is replaced by a

short delay, by charging the resistance valve in the selector drive

circuit with the switch.

<k) Other circuits«-Sf>p 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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which "breaks the circuit, "between the input socket and the grids

of V1# Vg and V^» except when the uniselector wiper ana is in
contact with pin 1 of the selector drive contact bank. This

relay is held down by passing & 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.JV indicator lamp which shows when the

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 recycling

indefinitely at a preset rate. This is done by arranging that

the grids of V,, V., ud Tj are earthed through pin 1 on teak 2 of
the uniselector with the switch in one position, With the switch

in 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

cycles of the chamber. The counting; rate of the counter-control

system can thus be ascertained without developing the photographs,

2.8. Summary,

A description has been given of an automatic chamber, together

with details of its mechanical valves, optical system and electronic

control system. Brief details have also been given of the original,
*

non-automatic, chamber system.

<;
A

'4



28.

Chapter 3 .

EXEHREM-iSAL H3IAVT0UR OF CIUITER.

3.1 • Introduction*

3.1.1. Application of fast recompression and overcompression
to reduce the recycling time of a chamber.

The minimum recycling time of a cloud chamber is largely

determined by three factors:-

(i) She time taken to remove from the sensitive volume any

condensation nuclei produced by the previous fast

expansion. If this is not done, these nuclei! contribute

to the background cloud present in the next fast expansion.

One method of removing them is to do a number of slow

cleaning expansions (see section 3.1.2.).

(ii) The time taken for the chamber gas to reach thermal equi¬

librium with the walls, .. During the expansion, the gas is

cooled adiabatic&lly (approx.), and during the recompression

it is heated. Any cleaning expansions will increase the

temperature difference between the gas and the walls.

(iii) The time taken for the sensitive volume to become re-

saturated with alcohol.

Since 1949, two methods have been described to reduce the

recycling period. The first one is the technique of overcompression

described by Gaerthner and Yeater (1949)J the second, that of fast

recompression described by Bnigh (1954). Both methods have since

been used by other workers, overcompression being generally the

more favoured.
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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 forward than the

original,, thus overcompressing the gas in the working volume. The

overcampression is normally arranged to take place as soon as

possible after the fast expansion.

The chamber is left in the overcampressed state for a short

time and the diaphragm (or piston) is then returned slowly to the

position before the fast expansion. This final stage acts as a

slow cleaning expansion.

The increase in temperature of the gas due to the overcom-

pression has a tendency to reduce the size of the drops formed

during the fast expansion. 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

gas 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 make the cycle a reversible

one, so that the initial gas temperature is reached when the chamber

returns to its original waiting position.

Gaerthner and Tester 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 sees, with some

deterioration in quality. They used an overcompression ratio

about equal to the expansion ratio. The overcornpression ratio is

the difference between the normal and overcompressed volumes,

expressed as a fraction of the normal volume. The chamber gas
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consisted of equal parts of helium and argon at atmospheric pressure,

the condensant being an ethyl alcohol - water mixture. For very

fast recycling; periods, pure helium v,ss superior to the mixture,

Emigh (see reference) x'eports that pure helium is unsatisfactory

because its high thermal conductivity makes it impossible to form

tracks near- metal foils, Gaerthner and Tester showed that over-

compression was much superior to conventional operation in the

presence of heavily ionizing radiation,

Goldwasser and Eicolai (1955) using overeompressiffln with a

chamber 12 inches in diameter and 3 inches deep, have obtained a

recycling period of 6 sees, under normal and 15 sees, under heavily

ionizing conditions. The chamber gss wes helium, Tarford and

French (1955) reported a recycling period of 30 sec for a cylindri¬

cal chamber 28 en. in diameter and 15 cm. long aad the same time

for a rectangular chamber 30 x 40 x 20 cm. The chamber gas in

these experiments is not stated. More recently, Walker et al (1956]
have described a chamber, 9 inches in diameter 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 same chamber with fast recompression (see below), They

concluded that the "build-up of background cloud was very much less

for the overcornpression case, agreeing with other workers that this

was due to the return from over-compression to the waiting position

providing a clearing expansion.

The second technique for increasing the recycling rate was first

described by Emigh (see reference quoted), This consists of

recompressing the chamber rapidly to its original condition as soon

as the photograph has been taken. The chamber described by Bnigh



was 14 Inches in diameter and 2 inches deep. (The chamber

described later to this chapter is about 13 inches to diameter and

4 inches deep)* Fteigh consoents on the fog produced by the diaphr&^a

touching the chamber backpl&te, an effect also found by the writer

and mentioned to a pacer by Hasan (1942). This latter author

also found that if the chamber was worked with a "floating*

diiftokp! clean operation was obtainable^ to egrc-e»®nt with the
writer (ge. section 3 *2.1.) Srnigh states that if helium is used,

practically so background fog is obtained,whereas argon or air are

both unsatisfactory to this respect. The writer has not used

heliuw, as better quality tracks are obtained to argon. The

chamber gas used by Unigh was a mixture of argon and helium. He

has used a recycling period of 10 sec with this arrangement.
'

Feet recompression has two disadvantages ae compared with
' '

overocaapresaien. It is not possible, even in prin»;ipl e, to operate

fee chamber with a reversible cycle, as the gas gains heat fro®

the surrounding s during the first expansion and does not lose an

equivalent ivnount of heat later in the cycle# Thus fee gas

temperature will always be too high after the recompression. She

second disadvantage is that there is no clearing expansion, corres¬

ponding to fee return frem ovntnompresaltn to waiting conditions.

Fast recompression was used wife the chamber described here, as it

was more convenient to fit and gives an adequate recycling, time for

fee type of experiment done. Triggering rates greater than about

6 per hour arc net i-joroaliy required.

m operation of gh&ffbey.

The sensitive volume of the chamber is filled with argon to a
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pressure of about 15 lb., per sc., in... above atmospheric pressure..

The condensant is pure ethyl alcohol.,.

To fill the chamber, argon is let into the sensitive volume

through the filling valve, using & high pressure cylinder and. a

reduction valve. Before commencing to fill, about 10 ec. of

alcohol are run into the filling valve, and some is then carried

into the chamber with the gas.. 10 cc, are sufficient to ensure

that the chamber gas vd.ll be saturated, and that there will be

sufficient liquid in the chamber to make up any losses. The

needle valve in the filling valve is shut off after filling is

completed. The chamber is then left for a period (usually over¬

night) to allow temperature equilibrium to be re-established.

If the pressure in the back volume is sufficient to force the

diaphragm forward, and the expansion valve circuit is then broken,

a rapid expansion of the working volume takes place, tracks being

formed if the expansion ratio is correct. (About 1.26 in this

case).

After each fast expansion, one or more clearing expansions

are required to remove any re-evaporation nuclei remaining in

the sensitive volume* A clearing expansion is made by reccsnpresslng

the chamber, and then letting the gas in the back volume escape

slowly to the atmosphere,

3.2 Experimental work to try to discover the reason why clearing
expansions are required.

3.2,1, Effects due to the rubber diaphragm.

(a) General

The original type of rubber used for the chamber diaphragm

was thin, (j/fiif in.) unvulcandfced rubber of English 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 for¬

ward, except by performing about a dozen clearing expansions after

each fast expansion. If the chamber was operated wi th the dia¬

phragm "floating", reasonable 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 v/as in agreement with the

statement by Hazen (loc, cit, section3 .1.1.) A "floating"

diaphragm means that it does not touch the front 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 front and back, as

they now determine the expansion ratio.

This disadvantage is not present 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 E, and is not dependent on the front and back pressures. The

number of clearing expansions required was the disadvantage at this

stage,

(b) Effect of different types of rubber for diaphragm.

It was now considered established that a large proportion of' ..... ■ v. •

the background was due to contact between the diaphragm and the

perforated metal plate, although no reason for this was known, A

high pressure chamber 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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new
f*fri ■!— made from different types of rubber. Tvvo^types 00
were used:-*

(a) Vulcanized rubber of British origin with smooth surfaces
and a thickness of l/l6 inch.

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

With both of these rubbers, good operation could be obtained

with a maximum of three clearing expansions, even when the

diaphragm was pumped hard forward. This fell to one or two after

the chamber had settled down, A recycling period of about five

minutes could be used. The need for some clearing expansions was

still present.

(c) Effect of rubber coming in contact with the perforated
bra.s3 plate.

Various experiments have been done to try to discover the

reason for the cloud produced by the diaphragm touching the per¬

forated piste. They will be described below.

(i) It was thought that the cloud, might be due to the front plate

being metal, rather than an insulator, A Tufnol plate of the

same size as the perforated plate and drilled out in the same way

was made, and fitted between the diaphragm and the metal plate.

Bo noticeable Improvement was obtained.

(ii) When the original diaphragm was still in use a piece of

oopper gauze was stitched to the perforated plate between the plate

and the diaphragm to see whether the type of metal had any influence

on the effect. Kb improvement was obtained.

(iii) Samples of the original rubber and of other rubbers were

put in contact with a brass plate and weights placed on them. The
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original rubber stuck to the brass.whereas the other (vulcanized)

rubbers did not. Shis was probably part of the reason why the

vulcanized rubbers aire superior.

(iv) It was 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 recam-

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 leakage method, the electrical resistances of

samples of the three kinds of rubber which have been mentioned

were found. Circular samples were placed between two brass plates

of the same diameter and a 0.1 yW. p condenser, charged from a 2 volt

accumulator, allowed to leak through them. The tlirows on a

ballistic galvanometer, 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 calculating 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 neighbourhood of

the galvanometer wiring a large throw was produced on the galvan¬

ometer. This indicated that considerable static charge was present^

but no particular conclusions could be reached.

(v) The surface of the diaphragm in contact with the metal plate
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via.s painted with a coating of "Aquadag" colloidal graphite to make

it electrically conducting. Ho improvement in chamber performance

was produced, and the coating was removed.

3.2.2. Temperature effects.

•There was a possibility that some of tee background was due

to an'uneven temperature distribution at the foot of the chamber

due to alcohol condensing out there.. The original clearing, field

electrodes,1which consisted of copper gauze,were replaced by the

present ones. Those consist of pieces of thin copper sheet

12 inches x 4 inches in contact with the chamber walls and held

in place by vacuum grease. 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 expansion was still required. , The

new electrode arrangement is also more efficient as a clearing field,

there being no spaces between the electrodes and the walls where

the field strength is small.

3.2.3. ther effects possibly present.

(а) Electrical.

The electrodes were temporarily connected to equal positive and

negative supplies instead of bote positive. Kb effect on per¬

formance was observed. The replacement of the original electrodes

mentioned in section 3.2.2. ensured good clearing field operation.

(б) Mechanical.

It was possible that the movement of the centre of the

diaphragm was too rapid, possibly producing cloud between tee
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diaphragm and the harass 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, was to make the chamber operation

worse.

Elumenfeld and 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

attributed 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 g inch diameter to ^ inch diameter at an early-

stage, but no effect 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 chamber which would be

required.

(c) Effect of amount of alcohol in sensitive volume.

It was 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 alcohol in the sensitive volume.

The chamber worked in this way for one period, but this operation

was found to be hon-reprodueible • The tracks produced in

unsaturated conditions are not as good as those under saturated

conditions.

3.3* Chamber recycling time.

3*3*1. Original recycling, time.

The original recycling time without recompression was about

three to five minutes. This was reduced by the recompression.
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3.3.2. Eec'/clirij'- tiiae with fast recompression.

It had been hoped that the recompression -would dispense with

the need for clearing expansions. Though there was some improve¬

ment j 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 unsaturated condition, but

frequent adjustment of the expansion ratio was 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 occurred after the

first few expansions, due to the development of background cloud.

If the diaphragm had been used in the "floating" position ^

clearing expansions would not have been needed. The additional

complication of the control system to ensure sufficiently accurate

pressures decided against this. Also, small leakages of pressure

which do not matter 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 expansions being used at this stage. The growth of

background, cloud was not particularly rapid, but it did not take

very long-: tc become too serious for photographic purposes. When

the chamber was used to take counter-controlled pictures at a rate

of about 5 per hour, the background still become steadily worse,

although the waiting period between expansions was longer.

Clearing e xpansions 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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3 ,4. Optical problems.

Considerable trouble was experienced irom scattered light, and

steps were taken to prevent this. All metal or other parts which

could scatter light into the camera lenses were painted black. A

plywood baffle, with a circular hole in the centre the size of the

chamber window was placed between the chamber and the camera, so

that only light from the window could enter the camera.

In addition to the plastic lenses on the flash lamps (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 satisfac¬

torily with the plate camera.

When the 35 mm, film camera was installed, bad optical back¬

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 lamp. The arrangement is

shown in the diagram,
7\

'//////////////////////,

lL

A

1L

lens

4flash
tube

The lexises were placed somewhat farther than 5 era, from the

flash tubes so as to give a convergent beam. Very good background

was ihen obtained.
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Chapter 4.

DESCRIPTION OF SCimW.IICW COUNTERS AND

ORIGINAL coc^irgficE SYSTEM

4.1. General.

The components and arrangement of the original slow coinci¬

dence system are described in the following sections. Coinci¬

dences were obtained either "between two scintillation couriers,

or, "between a scintillation counter and a tray of Geiger counters.

A block diagram of the arrangement used is shown in figure 11.

4.2. The scintillation counter.

4*2.1. Theoretical.

A scintillation counter consists of a phosphor (organic

or inorganic) and a photomilfiplisr tube with its associated

circuitry. Some details of the processes occurring in the

phosphor and a description of the photornultiplier will be given

in the following sections.

(a) Types of phosphors -used in scintillation counters

The classical phosphor was Zn S, which was used as scintil¬

lator in the early.visual scintillation counters. These were

used, among others, by Eutherford (1919) in his discovery of

the artificial disintegration of nitrogen nuclei! bombarded by

oi -particles and by Cockeroft and Walton (1932) in their studies

of the Id_(p, 2«C) reaction. This latter experiment is also of

interest because a coincidence technique was used to count the

two oL -particlesyusing two counter's and. two observers. Zn S
has a very high conversion efficiency for the energy expended

in it by incident particles by collision loss of rv 20%, but its



BlockDiagramoftheOriginalCoincidenceSystem
Figure11



41.

very long decay time of A^10 pis renders it unsuitable for modern
coincidence applications.

The most widely used of the inorganic phosphors is Na 1,

activated with It. Its large cross sections for the photo¬

electric, Compton and pair production processes, due to the

presence of the iodine atoms of high atomic number (Z = 53).
make it especially valuable for the detection of Y-rays, and for

use in scintillation spectrometers. It also has a large density

(3.67 gja 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 band in the violet, with a mean

wavelength of 4100 £, while the absorption spectrum is in the far

ultraviolet, with peaks at 2930 2 and 2340 Hence it is highly

transparent to its emitted radiation. The energy conversion

efficiency is about 8%m

After the passage of an ionizing particle, the photons are

not all emitted instantaneously, but the number emitted decays

exponentially with time. The time constant of this decay is called

the emission decay time constant of the phosphor. For 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 m^-sj

compared, with 250 mfJi& for Na I <**). which has the shortest
decay tin® of the inorganic phosphors.

One of the most used of the organic crystal phosphors is

anthracene, which has a decay time constant a; 32 mAts and an
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energy conversion efficiency of a/ for fast electrons. Another

one, atliberiejhas a decay time constant a/6 myUs and an energy
conversion efficiency about 60fo of that for anthracene. The

plastic phosphors have decay time constants/\/ 4 mylis, and their
energy conversion efficiencies are all less than that for anthra¬

cene. The majority of these phosphors are highly transparent

to their emitted radiation. The plastic phosphor used here (IMF 101)
has an efficiency of 55^ of that for anthracene and © decay time

of 4 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

(b) Energy loss by charged particles in the phosphor and
emission of photons.

When a charged particle passes through a medium, it

dissipates energy in the ionization, excitation, and possible

dissociation of the molecules of the medium. In a non-luminescent

solid or liquid, the whole of this molecular energy is eventually

converted into thermal energy, the molecules returning to 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,

monochromatic, but is spread over a definite emission band. The

efficiency of conversion of the incident particle energy into

emitted photons depends upon the phosphor, and varies from
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about 8fo (Ha I (T-6)) 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 number of photons produced is

proportional to the energy loss by collision. For particles of

high specific ionization, this efficiency decreases rapidly with

increase of specific ionization, so that the number of photons

produced depends on the nature of the particle as well as on the

energy loss. This problem is further considered in section Cf.Z.I.
This effect is more marked for organic than for inorganic phosphors.

For esaraple, the number of photons produced by a 5-MeVod -particle

completely absorbed in an anthracene crystal is only about 10$

of the number produced by an electron of the same energy. On

the other hand, for arod -particle travelling at such a velocity

that its specific ionization has its minimum value, the number
•l

of photons produced by it per cm path length is about four times

the number produced by an electron travelling at its minimum

ionization velocity.

As has been mentioned in the previous section, the emission

of photons is not instantaneous, but is given by

I = I e ^*0
o

where t is the time constant of the decay,
o

We must distinguish here between fluorescence and phosphor¬

escence. In fluorescence, the transition from the excited state

of the phosphor molecule to the ground state is an "allowed"
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transition. In. phosphorescence, the excited state is meta-stablej
the direct transition to the ground state being "forbidden".

Emission can only occur from a higher level after the molecule

has received sufficient thermal energy to make the transition.

The decay 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 scintillation

counting. Nevertheless, these materials are still generally

referred to as "phosphors".

As has already been mentioned, the generally used phosphors

are highly transparent to their own emitted radiation, and very

little of it is re-absorbed. It is desirable that the maximum

amount of this light should reach the photocathode. Gillette

(1950) has calculated the amount of emitted light which escapes

from each face of a rectangular prism assuming that it is generated

uniformly throughout the volume, and gives 11$ for anthracene

of refractive index 1,59. The KE101 plastic phosphor used here

has a refractive index of 1.54, so that the percentage will be

somewhat higher.

Several methods can be used to increase the light emitted

from the face 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.K.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 Mth a

thin layer of liquid paraffin or glycerine. The critical angle
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at this surface is then increased,being determined by the

refractive index of the phosphor relative to the tube envelope.

Hence if the other faces of the phosphor are silvered, practically

all the emitted light can be collected. Instead of £ .tlvering, a

diffuse coating of magnesium oxide is often used.'

(c) Operation and limitations of the photomultiplier.

Two sain types of photomultiplier tube have been used for

scintillation counting. These are the circular electrcstatically-

f©cussed type developed by K.C.A., and the longditudinal, unfocussed

type developed by E.M.I. It is not proposed to consider the former

type here as they have not been used in the present experiments.

Full details of both types can be found in the literature (for

example - Birks - Scintillation Counter - Pergamonj Curran -

Luminescence and the Scintillation Counter - Butterworthj Bodda -

Photoelectric Multipliers - ffecdonald) •

The E.M.I, type tube has a send.-transparent Sb-Cs photo-

cathode deposited on the inside of a flat -windaw. The dynodes

are arranged longditudinally, and each one consists of a number

of namm solid activated strips arranged in a Venetian blind

fashion. The coating consists of an Sb Cs mixture. The electrons

from the last dynofie are collected by a flat disc anode. Succes¬

sive dynodes are maintained at increasingly positive potentials,

using a potential divider.
.

Hiotons incident on the photocathode are converted into

photoelectrons with an efficiency of about 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 a wide peak at about 4100 X for

S.M.I, tubes. The maximum of the emission spectron of Na I (T2 )
occurs at 4100 X, of anthracene at 4450 X and of the NE101 plastic

phosphor at 4400 X. Hence the response of the cathode to all

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 phctoelectron
6 8

leaving the cathode, 10 - 10 electrons arrive at the anode, the

actual number depending on th particular tube.

Limitations. A number of factors limit the linearity of the

photomultiplier. If the sensitivity of the photocathode is not
.

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 photoeathcdes
.v.-.

are good in this respect. Also, the presence of magnetic fields may

interfere with the collection of photoelectrons by the first dynode.

This effect is much more serious for the E.C.A.-type tubes than

for the E.M.I.-type, and the latter can be used in small magnetic

fields (e.g. earth's field) without magnetic shielding. An

increased voltage 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 permanent

loss of sensitivity. The E.M.I, tubes are superior to E.G.A.

ones in this respect.
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The following limitations are in general more serious than

those mentioned above, which can be reduced greatly by suitable

operating conditions. These arej-

(1) Fhotomultiplier 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 tin®
obtainable,

(4) Non-linear 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 photoeathode and

from the following dynodes. The electrons emitted by the cathode

will make the largest contribution, as they are amplified by the

succeeding stages. 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 genuine signals, if the

resolving time of the system is sufficiently small. Except for

the measurement of very small energy losses, the signal 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 nature of photoelectron and secondary electron

emission gives rise to a distribution of output pulse heights for

a given number of photons incident on the photocathode, instead
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of the same pulse height on each occasion. Also, for the same

number of photons emitted, the collection efficiency by the

photocathode may not always be the same, owing to the geometry of

the system. The spread in pulse height due to these factors has

been analysed by Garlick and Wright (1952) who give an expression

for the half-width of the pulse height-frequency distribution

produced by particles which lose equal amounts of energy in the

phosphor* Using a neon lamp connected in a nsawtooth" generator,

they showed that the experimental results were in accord with theory.
■

(3) The effects of transit 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 considered.
• - • . " ' • ' . • • •* ...

(4) The non-linear response of the E.M.I, type of photonrultiplier

(Venetian-blind type of dynode structure) has been investigated by

Raffle and Robbins (1952). They found that the linearity decreased

with increase of output pulse height. They attributed this effect

to the build-up of instantaneous 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 than those

mentioned by the makers,in order to decrease the output pulse height.

Additional gain can then be provided by an amplifier. Owing to

the type of dynode construction, space-charge liir.i tation dees not

occur in the R.C.A.-type tubes until much higher current densities.
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©lis effect is worse for counters using organic phosphors

than for those using inorganic phosphors. The reasonjfor this
is thatj coring to the much shorter fluorescence decay time of the

organic phosphors compared to the inorganic onesj the charge

densities on the pulses produced "by them are much greater. Baffle

end Bobbins (locj, cit.) shewed that, with a given tube, space

charge effects with anthracene occurred with pulses about 100
.i '

times smaller than for sodium, iodide,
■

4.2.2. The large counter.
.

The counter consists of a block of J5E101 plastic phosphor

5 inches in diameter and 2 inches thick, together with a photo-

multiplier having an effective photocathode diameter of at least

k.,5 inches. This is an J1-stage E.M.I, type 6099B, and has the
.

cathode deposited on the inside of a plane glass window.

Figure 12 shows the main features of the counter. The

scintillator fits onto a 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 photomultiplier base B, The

photomultiplier rests on the top of the phosphor, optical contact

between them being made by means of a film of glycerine. Vaseline

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

one soldered directly to the pins of the photomultiplier base B.

Decoupling condensers are connected to the last two dynodes before



The Large Scintillation Counter Fi gure 12
(See section 4.2.2.)
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the output to "bypass any pulses produced on them. The negative

end of the F.H.T. supply is connected to the photocathode, so

that the output is at about earth potential. A separate H.T.

positive supply of about 120 volts is connected to the collecting

anode. Output pulses are taken from the last dynode.

The counter is enclosed in a thin, light-tight, metal box,

electrical connections being brought out to sockets in the lid.

She courier base A is secured to the bottom of the box by three

screws.

Output pulses are taken 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.

4*2,3. The small counter.

This counter employs a 2 inch cube of NE101 phosphor,

together with a 14-stage E.M.I, type 6262 photomultiplier, with

a cathode diameter of about 2 inches. Ths counter is shown in

figure 13.

The counter system is assembled on two 0 B.A, threaded rods

A and B which project from each end of the metal box containing it.

The phosphor is held at one end by the brass support C (see small

diagram). The photomultiplier base is supported by the Tufnol

ring D« A second ring E supports the centre of the tube. The

distance between C and D is adjusted so that the photocathode

and the phosphor are in optical contact, with a film of glycerine

between them.
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The threaded rods project through the bottom and lid of

the containing bos 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 manner as for the large counter,

4*3* The cathode follower

The output pulses from each photomultiplier were fed to a

cathode follower. This was mounted on a separate chassis. The

circuit of the large pliotomultiplier and cathode follower is given

in figure 14. The theory of the cathode follower is considered

in section 7.2.3. The circuit of the small multiplier and

cathode follower is identical, except for the larger number

of dynodes.

4.4, The pulse amplifiers.

The output from each cathode follower went to a pulse

amplifier type 1008A. This consists of two separate stages

containing three valves each* Each stage is stabilised in gain

by the use of negative feedback, the ratio "feedback gain" to

"unfedback gain being about 1 : 15. The "fedback gain" of the

first stage is 100, and of the second stage 200.

Input pulses first enter a network containing a variable

differentiating time constant and a variable integrating time

constant T2* the input impedance being about 100 -jQ_ . The
differentiating time constant determines the cut-off frequency

at the lower end of the amplifier pass band and the integrating
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time constant that at the copper end. Maximum bandwidth is

obtained when T0 is a minimum and 5^ a maximum. The amplifier
■was used in this way with T^ = 1500 fL s and T^ = 0.15/^s, To
obtain the optimum signal to noise ratio, the time constants

should be equal, (See Gillespie - Signal, Noise and Resolution

in Nuclear Counter Amplifiers - Bergaraon Press, p. 63). In the

present case, the gain required is not high (never 400), and

the tiros constants chosen give the least 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, any noise pulses can be

biassed out by the discriminator.

An attenuator system, calibrated in decibels, enables the

amplifier gain to be varied from 200 to about 20,000 in steps of

2 db. A gain of rw 300 was normally used. The quoted accuracy

of the attenuator is rJ j|RL so that the gain could be conveniently

varied by a factor known to this accuracy, which was sufficient for

the applications to be described. These included calibration of

the photonrultiplier system for energy loss. (See section 9,3. )•

4,5, The discrimination system.

Output pulses from the amplifier went to a discriminator. This

consisted of either

(a) j. Dynatron scaler type 1009B, which incorporates a

discriminator with a bias level variable from 5 volts

to 50 volts.

(b) A, single channel pulse height analyser which is

described in Chapter 5,

The discriminators enabled pulse heights corresponding to
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various amounts of energy loss in the phosphors to he selected.

4.6. She coincidence circuit.

Coincidences between the two counters were recorded by a

standard Rossi coincidence circuit, using two E.F, 50 pentodes

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 have a cor.-saon anode load resistor, are normally

conducting, with the coiaaon anode voltage at a low value. If one

valve is cut off by a negative pulse on the grid, the other con¬

tinues to conduct and the anode voltage rises slightly. If both

valves are cut off by coincident pulses, the anode voltage rises

to the full H.T. potential and a large positive pulse is obtained.

If one valve is switched out of circuit, large output pulses are

obtained 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. Suiarary of coincidence arrangements used.

Experiments were done using

(a) The large scintillation counter (Section 4.2,2.)

in coincidence with a tray of geiger counters -

see Section10.2.l.

<b> The large counter only - see Section 70.2. 2 .

(c) The large and small scintillation counters in

coincidence - see Section 70.. 2. 3 .

The two scintillation counters were also used with the fast



coincidence system (see Chapter 7)•
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Chapter 5.

CONSTRUCTION AKD CALIBRATION OF A SINGEE-OHANKEL

PULSE HEIGHT AMAI2SSR

5.1. Theory of operation.

The analyser was constructed frees a circuit designed "by

Bark (195&). The circuit diagram is given in figure 15. The

lower level of the discriminator can be varied from 0 - 60volts

and the channel width from 0-20 volts. Both bias voltages

are nominally read directly on a 0 - 200/LA meter, although

calibration was found to be necessary in practice. The discrimin¬

ator employs germanium diodes instead of thermionic valves,

eliminating the necessity for aero or threshold adjustments.

Only three thermionic 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.

Tire bias voltage across can be set to any value between 0 and

60, thus determining the lower level. The bias across can be

varied from 0 to 207, determining the channel width.

Pulses from the upper and lower channel limits are fed to

flip-flop trigger circuits (see figure 17). In the quiescent

state, the current values are as marked on the diagram. The

pulses are differentiated by the C R circuit before reaching the

grid . Calculation shows that the rising 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
o
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"by the diode (Dg or D^). She amplitude of the negative pulse
is equal to k . EG where KG 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 minimum negative pulse at the

grid for triggering is a/ 10 m¥. Hence, k a/ 0.05 Volts/ft s.
This method of triggering ensures that the trigger circuits only

respond to pulses with a fast initial rate of fall.

This negative pulse on the grid produces a positive pulse

on the corresponding anode which is fed to the opposite grid gg
through the CR coupling circuit. This pulse tends to cut off

the diode (D^q or D^) and the potential of g^ rises. As the
circuit is of the long-tailed pair type (See Farley - Elements of

Pulse Circuits - Methuen,pp. 29-51), the potential of anode

also rises, so that the action is cumulative and the grid gg is
driven hard positive, until all the available current is flowing

in this side of the valve, and the other side is cut off. The

cathode potential follows the potential of gg as in the cathode
follower (see section 7.2,3»), and a positive output pulse can

be obtained from it. This condition persists until the potential

of gg has fallen sufficiently, by the charging of or Cg, for
the other side to start drawing current again, when the circuit

returns to its original condition. The pulse length is thus

deteimined by the time constant of the anode-grid coupling circuit.

In the absence of the conducting diode D^0 or D^ , the grid g2
would now be driven negative and continuous oscillations would be

obtained. The negative pulses are bypassed by the diode so that

the quiescent condition is stable.
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Pulses fro© the cathodes of the trigger circuits are fed

to the anticoincidence valve V„ vMch is arrarjged as a long tailed

pair (see Parley - 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 pulse front the upper level flip-

flop the cathode potential will rise, but the anode potentials

will remain almost constant, although falling, slightly. Thus a

positive output pulse is obtained at the integral output Qfid a

small negative pulse at the differential output. Hence, positive

output pulses are obtained at integral output fear all input pulses

larger than the lower level of the discriminator, while they are

obtained at the differential output only for pulses lying within

the channel.

5.2. Constructional details.

The analyser is constructed on a standard chassis 17 in x

12 in x 3 in with a front panel 19 in x 9 in on which the 200/tf A
meter is mounted. The lower level bias can be set by means cf 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 channel width as required. Pull

scale deflection is nominally equal to a bias of 60 V or a channel

width of 20 V, but calibration was necessary 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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5.5. Calibration of analyser.

5.3.1* ?he leaver level.

Calibration of the lower level bias was carried out by means

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

length /v 10^As, and of suitable shape. Before commencing, the
"Set Scale" potentiometer (figure 15) on the analyser was adjusted

so that a full-scale reading on the meter was obtained with switch

Sg at "set bias". This provided a reproducible voltage distri¬
bution on the potentiometer. - 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 in scale divisions (full scale = 20p) and Bias Voltage was

plotted. This is a straight line with a fixed threshold at zero

meter reading (see figure 18). The pulses at the output were

counted on a Scaler.

5.3.2. Channel width.

The channel width was calibrated in the following manner.

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 above, the lower level bias was adjusted so that

counting of pulses at both the integral and differential outputs

was just prevented. The lower level bias was then equal to the

pulse 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 biases in. the first and second case was then equal to

the channel width, the lower level calibration curve being used.



Lower Level Bias in Volts and Meter Reading in Scale Divisions for Pulse Height Analyser
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Meter Reading in Scale Divisions
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She channel width was altered and the above repeated. A graph

of meter reading in scale divisions and channel width in volts

was then plotted, which was a straight line. A small variation

in channel width occurred when the lower level "bias was altered,

but this was not appreciable compared to the errors in setting.

She results are shown in figure 19.

5#4« ITses of analyser.

She analyser was used to obtain the Rossi curve for the

counting rate due to cosmic ray showers under a variable thickness

of lead (see section 9.^t .5..)
It was also used to trigger the cloud chamber by using output

pulses from the channel, in an attempt to select events in which

a predetermined energy loss by the primary particle had occurred.



Channel Width in Volts and Meter Reading in ScaleDivi sios for Pulse Height Analyser.
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Chapter 6.

INTROIXJCTICB TO IffiEItLE/IICROSECOM) FJLSE

SKSHKIflttES

6.1, General,

Before about 1947» a coincidence system with a resolving time
"J

(see below) of 100 m/^-s (10 sec) "would have been considered fast.

Willi the advent of the phoiomultiplier tube in its present form,

the limit of resolution has fallen to a few times 10"^ sec. The

coincidence system to be described in the next chapter is not as

fast as this, having a resolving: time of 20 mfls (2 x 10 sec.)
6.2. Definition of resolving time of coincidence circuits.

A coincidence circuit may be defined as a nonlinear circuit,

having 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

rectangular, and of the same length T m^Ms, then an output pulse
will be obtained whenever the two input pulses overlap in time,

i.e. whenever one pulse arrives at a time - *X m^s with respect to
the other. The time 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 arrival 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 a 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
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In practice, for reasons to be fully discussed in the next

chapter, such a curve is never obtained. We can then define the

resolving time as the half width at half maximum height of the

curve that is obtained in this way. There is some confusion

in the literature concerning the definition of resolving time,

which, according to Bell (l954) is often taken as 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 coincidence circuits.

There are three main types of measurement in which the

shortest possible resolving time is required. These are:-

(D Measurement of velocities by theTime of Flight" Method,

(2) Reduction of the chance coincidence rate for coincidence

measurements with high individual counting, rates.

(3) The measurement of the half life of very short-lived

radioactive elements.
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6.3.1. Time of flight measurements.

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 ere separated by a suitable distance, a

delayed coincidence curve can be obtained. If the measurement

is now repeated with an increased counter separation, a second

curve is obtained. The two curves are normalized to the same

maximum 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
W 60

measure the velocity of jj -rays from Go 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 delay in one

channel with respect to the other one, particles 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 channel, slow particles will be

preferentially selected, the velocity range depending on the delay

and upon the counter separation. 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 ( 0.7),
v/

Cerenkov counters can be used, but these cannot 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



63.

that the "background chance coincidence rate is small. If we

select particles of the satise momentum by means of an electro¬

magnet, the fast coincidence unit can then be used to select

velocity, and hence the type of particle counted. This method

can be used to select, for example, heavy mesons.

6.3.2, Reduction of chance coincidence rate.

The chance coincidence rate H for two counters having
©

singlefold counting rates and Kg is given by:-

Kc = 2 ^ N2 f
where T is the resolving tire of the coincidence circuit.

In a given case, and Kg will be determined by the experimental
conditions, so that it is essential to make r as small as

possible, in order that the ratio of genuine 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 radioactive element, and has

been much employed for this purpose.

Two separate coincidence curves are needed to use this method

with a given coincidence apparatus. Using an element which emits

two particles or (T -rays with a time separation much less than the

resolving time of the apparatus, a prompt coincidence curve is

obtained which will be symmetrical about zero relative delay.

Co^° can be used for this purpose, as it emits two -rays within
-12

a/ 10 sec. This source is then replaced by the one under

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)
and other workers, is then used to calculate the half life,

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

of the apparatus can be found, the present limit being 0,1 m^ts.

6.4# Components of a fast coincidence system.

6.4,1• General.

The different circuits comprising a fast coincidence system

will now be considered in outline. As a full description of

the operation of a typical system is given in the next chapter,

the details are given there.

The following units are contained in any fast coincidence

systems-

(a) Counters

(b) Amplifiers
(c) Pulse-shaping circuits
(d) Mscriminator and trigger circuits

(e) Coincidence circuits

Some brief details of each 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 Geiger or

proportional countersj which have rise-times in the microsecond

region.

Two t. pes of counter are suitable, those using photomulti-
\J

pliers to detect scintillations in phosphors, or Cerenkov radiation;



65.

and spark counters ,

She scintillation counter has been used for most of the fast

coincidence work which has been done# The Cerenkov counter has

"been used for certain specialised applications, such as velocity

measurement for charged particles, or precise timing experiments.

It has the advantage that the decay time constant for the derenkor
radiation is at least an carder of magnitude less than that for

the fastest phosphors. She disadvantage is the much smaller

light output for a given collision energy loss.

The operation of the spark counter d epends on the primary

particle producing ionization "between tsso plates with a large

potential difference "between them. They have been described by

Chang and losenblum (1945) and used for the detection of cosnde

rays by Robinson (1955), but have been very little used for fast

coincidence work owing to the greater convenience of the scintil¬

lation counter.

The factors affecting the performance of a scintillation

counter are discussed in Chapter 7 (section 7.2.2.) and in

Chapter 4 (section 4*2.1.)

6.4*3. Amplifier's.

Amplifiers used for this work must have the maximum possible

bandwidth in order to amplify the short pulses involved with the

minimum of distortion. This problem is considered in section

7.2.5., where the main methods of increasing, the bandwidth of

an amplifier are discussed.

Wide-band amplifiers have been designed by a large number
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of •workers. They are of the distributes type, and of the type

using secondary emission pentodes, to which class the circuit

described in the next chapter belongs. References to many designs

are given in Lewis and Wells (Millimicrosecond False Techniques -

Pergamon, pp. 141 and 160).
6.4.4* Pulse-shaping; circuits.

As the counter pulses have a long exponential decay they

most be shaped to give short rectangular pulses. This is

commonly done hy a delay lire pulse-shaping circuit of a type

described by Wells (1952) and employed in the circuit described

in section 7*2.4*

6.4.5. Discriminator and trigger circuits.

In order to make use of the relationship between energy

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

multiplier, a discriminator circuit is used. This ensures that

only pulses greater than a predetermined height can reach the

coincidence circuit. Hence, pulses due to noise in various

parts of the circuit, and to background 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

size 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*4.6. Coincidence mixers.

Many types of coincidence irdxer have been employed by different
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workers. The main types are:-

(a) Series coincidence circuits

(b) Barallel coincidence circuits

(c) Bridge coincidence circuits.

A "brief description 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 connected to a power source through a common

load resistor. When the two switches are closed simultaneously,

a current will flow through the resistor. If either one is closed

separately, no current flows. The double switch consists of a

multi-grid vacuum tube.

The tube normally used is the 6Hm6 gated-beam tube. This

has two control grids, which are normally biassed negative so

that no anode current flows. Simultaneous 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/ O.J m^Us.
<*> Barallel coincidence circuits

A parallel coincidence circuit may be described as a device

consisting of two switches in parallel which have a common load.

Ihen one switch is opened, the voltage drop across the load does

not change appreciably, but when both are opened simultaneously

there is a large change of potential in the load circuit.

The original circuit of this type was due to Rossi}using
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triode or pentode vacuum tubes as the switching devices. The

use of germanium diodes for this purpose was first suggested by

Howland et al. (1947). The circuit described in section 7.3.

is of this latter type. Variations of the parallel coincidenoe

circuit have been described by Garwin (1953) and numerous other

workers.

(c) 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 to one end of the bridge results in no

output pulse, while the simultaneous application of a second

pulse to a different point of the bridge produces an unbalance,

and therefore an output pulse. Circuits of this type have been

described by many workers, among them Bay (1951) and Strauch (1953)#
Such circuits respond to small signals and have a fast recovery

time.

6.5. The complete coincidence system.

In a complete system, the operation of fast coincidence and

pulse height selection are often performed by separate 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 a

three-fold coincidence circuit to give a final output pulse.

In the unit described in the next chapter, separate channels

are not used as this simplifies the circuitry. A resolving time

of about 20 m^As is obtained, which is about the limit for the

type of circuits described.
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Chapter 7.

GOTBOJ'WTIOIT AED THEORETICAL OPERATION OF

A FAST COH?CIIENCE UNIT.

7.1 • General Introduction to the Apparatus.

The coincidence unit described below was constructed to a

fad)
design by Gollinge et al^and has a resolving time of about twenty
millimicroseconds. She 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 simultaneous pulses at four separate inputs

in order to give an output pulse. Similarly, a twofold coincidence

unit requires only two pulses. A larger number of channels may be

used later as some experiments require anticoincidenoe or Cerenkov

counters in addition to coincidence scintillation counters.

A block diagram of the two channels and the coincidence mixer

unit is shewn in figure 20. Each channel consists of a scintil¬

lation counter feeding into a cathode follower, a pulse shaping

circuit, an amplifying stage, a discriminator and a trigger circuit.

In addition, one channel also Includes a preamplifier which is con¬

nected between the counter output and the cathode follower. This

provides additional gain for the large photosaultiplier (see below).
The output pulses from the two channels are fed into a coincidence

mixer, which gives an output pulse when the two input pulses are

coincident in time. The block diagram also 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 channel.

7.2.1. General.

A circuit diagran of one channel is given in figure 21.

The two channels are identical except that the photcanultiplier

in channel one is an E.M.I. 14 stage type 6262 with a photocathode

diameter of two inches while that in channel two is an E.M.I.

11 stage type 6099B, with a photocathode diameter of five inches.

This second tube requires additional gain, 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 -photomultinlier.

The general principles of the photoraultiplier 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

of interest.

The diagram above shows the equivalent output circuit of the

photomultiplier, and also the shape of the current pulse produced



A fast multiple coincidence circuit

Figure 21
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by it when an ionising particle passes through the phosphor,. The

effect on the pulse shape of the transit time spread (see later)

through the photomultiplier has been neglected. The pulse then

has a sharp rise time, followed 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

multiplier output. These photons travel to the multiplier photo-

cathode where they are converted into photoelectrons.

In an actual photarnultiplier, the different electrons formed

by electron multiplication from the same initial photoelectron

do not all reach the collecting electrode at the same time, as

their path lengths are not all identical. This effect is called

the transit time spread, and its magnitude depends on the type of

photomultiplier in use. In general, the circular electrostatically

focussed construction used in the &.C.A. type tubes is better in

this respect than the longitudinal construction used in the

E.M.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 increase in the phosphor

decay time has a similar effect. Graphical 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 crystal end plastic

phosphors arc used where short resolving times are required, as the

inorganic phosphors all have much longer decay times. For Nal(Tl)
the decay time constant is 0*2$fJL s, which is shorter than that for
the other inorganic phosphors.

Hie following; values are typical of organic phosphors, For

napthalene, the time constant is 0.06/As; for anthreeene 0»032/xs
and for stilbene 0.006fis. These values are given by Sharpe

(Nuclear Radiation Detectors - Methuen - p. 41)• For the KE101

plastic phosphor used in the present apparatus, the time constant

is given by the makers as 4 m/ts. 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 photoils, and hence

photoelectrons, decreases with the decay time. For the R.C.A.

type 1P21 photooultiplier the transit time spread is about 1.5 m/*s

For the F.M.I. 14 stage type 6262, it is about 15 m/ts, giving a

rise time to full amplitude of about 20 m/uis. Figures for the

11-stage type 6099B are not available, but it can be expected to

have a transit time spread of at least 10 m/ts. Thus for these

tubes, the effect of the photomultiplier itself is larger than

that of the phosphor.

Hie voltage output pulse is produced by the above current

pulse flowing into the stray capacity of the multiplier output C,

shunted by a high resistance R (see earlier diagram). 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 that of the phosphor, and

decay with a time constant E.G. A calculation for this case has

been given by SwankIf RC (phosphor decay time) the

amplitude is independent of /f . Transit time spread in the

multiplier will increase the rise time of the voltage pulse. If

this spread, is greater than f , 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 apparatus described here. Swank

gives the maximum pulse amplitude, V asj-IucIA.

IT = constant X Y 1 ~~Y
max u

I

where Y * RC//£ If Y ^>1 > Y'~^ —^1
In this case, R = 22 K_Q; C&iOfLand T = U m^-s.

I /, y s MxigLaJSj.10"12 55
t K x 10~9 '*"*

This gives Y = 0.93, which is reasonable.

If the amplitude of the voltage pulse is of importance, as

well as the initial rate of rise of the leading edge, it can be

seen that the minimum order of magnitude of the pulse length that

can be obtained by shaping is about 20 mpis, if full amplitude is to
be obtained. By shaping is meant the removal of the long tail of

the voltage pulse, to yield a short pulse. Once maximum amplitude

has been reached, the rest of the pulse is not wanted, as short

pulses are required to obtain minimum resolving time. From the
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figures given above, it will be seen that the minimus resolving

time of a coincidence system using multipliers and including

amplitude discrimination, so that the full amplitude of the voltage

pulse is used, is about 20 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 cannot be used. The statistical spread in time

between the passage of the particle through the phosphor and the

emission of the first photoelectron from the multiplier cathode

is new one of the limiting factors. Best and Schifff/^have
investigated this problem and conclude that resolving times of less

than 1 m[<Ib can be obtained by this method. The transit time
spread introduced by the multiplier will increase the possible

resolving, time, and . orton^ysijhas given the minimum value as about

0,25 for typical organic phosphors and B.C.A. tubes. Puis©

height discrimination can be obtained in this type of circuit by

using separate channels for it, fed by the same input pulses as the

fast coincidence circuit, A final output pulse then requires

coincident pulses from the discriminator channels as well as from

the fast coincidence circuit. The discriminator channels need not

be nearly as fast as the coincidence circuit, A system of this

type is described by Bell(fy^| folio-wing an idea by Bell and Fetch.
In the unit described in this thesis, simplicity of circuitry

was considered desirable for first experiments in this field, at

some sacrifice 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.M.I.
0

tubes were used because counters employing them were already

available, and a change to R.C.A, tubes would not have made a very-

great difference with the type of circuit used.

7,2.3# The cathode follower#

The output impedance of the photcsnultiplier is high, and a
. - - •« >' - • J i .

step type of output voltage pulse is obtained, the rise time being

determined by the factors already discussed. In order to match

this output impedance to the input impedance 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 discussed in the reference below; Referring to the circuit

diagram, figure 2i, the value VIOo used is an E0C81, which has a

mutual conductance of 4.8 mA per Volt, The cathode resistor R

has a value of 41 k J1 . According to theory (see, for example

Parker - Electronics p. 272-3), the output resistance of the

cathode follower is given by

R
R =» a

1 + ^

where Rq is the output resistance, R^ is the dynamic plate resis¬
tance of the valve and is its amplification factor. This

assumes that the cathode resistor is much larger than the effective

internal resistance of the valve, as the output impedance is

equivalent to the value given above, in parallel with the cathode

resistor. If 1 (57 in this case). E0 ^ 1/%
As = 4.8 rc^/'volt, SQ 21QJ1 .
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The reference quoted above gives the voltage amplification

of the cathode follower as

» —-&
1 + A

where A* is the amplification and A is the amplification that

would be obtained -without feedback, given by

A -

*k + E.
In this case, = 57, IL * %l kJl, = 12 k-ft. Hence

A = 44. The actual amplification obtained is therefore 14/45,
which is very nearly unity.

The other quantity of importance is the input impedance of the

device. The same reference (Parker, p. 330) gives this as
E

T? — i fi i.

K± 1 - A1

where Bh is the input resistance and is the grid leak resistance.

In this case, E = 22 kjl and A* = 44/45
£

E± ^ 1 MJl.
This will be sufficiently high to match the photomultiplier

output impedance satisfactorily, as this impedance is equal to the

same resistance as the grid leak, in parallel with the dynode stray

capacity and a large resistance due to the rest of the multiplier.

The resistive part is therefore 22 RSi ,

A few remarks on impedance matching are relevant here. It

will be evident that a small impedance feeding into a large one

will effect a Satisfactory match. If E^ is the output
resistance of the first circuit and Rp the input resistance of

the second, then the amplitude of the voltage signal developed
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r2
across the second resistance •will "be y ■ '"y times that at the

1* \
output of the first. If Eg , this approaches unity* If
R^ pp Eg on the other hand, the match is bad and a very great
loss of amplitude occurs. Stray capacities etc. have been

neglected above.

If the cathode follower were not present, distortion would

occur, end 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 at a much

lower impedance. Cathode followers ere used in several other

parts of the circuit the action being, of course, the same as

that described above.

7.2.4. The Pulse Shaping Circuit.

As can be seen from the circuit diagram, the pulse shaping

circuit consists of the valve and associated components. The

anode load resistor is 270Jland the cathode resistor 41 kjl. If
i A .

a positive pulse was applied to the grid in the absence of the

coaxial cable in the cathode circuit, the cathode voltage

would follow the grid voltage in a manner similar to that of the

cathode follower. Owing to the presence of the cable, this action
.

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 amount,

assuming that the input impedance at the cathode is equal to the

characteristic 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 pcl&rity at the open circuited end. It then returns

along the cable to the cathode, raising the potential of the cathode

so that the grid^eathodc potential becori>es the same as it was before

the pulse was applied.

The output pulse from the anode is therefore e 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 no 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 and Wells (loc. cit., pages 33-38). The case above is that

of a line having a terminating impedance of infinity. The diagram

shows the changes in potential v/hich occur in the different parts

of the circuit. Two input pulses are shown.

input grid V(CL

cathode

output anodeV,^

u u
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For the cable used la this apparatus, the delay per metre is

about 5 ny*ts. As a pulse length of about 20 mfta was required,
the length of the cable was made about 2 metres. Short pulses are

required, as the length of the pulse determines the resolving time

of the system. Also the long tail of the pulse would tend to

paralyse the circuit at high counting rates.

7 .2.5. She amplifier stage.

The negative output pulses from the anode of are amplified

by the circuit containing the secondary emission valve which is

a Mallard type EFP6Q.

Pulse amplifiers employing conventional pentodes suffer from

the fact that the input and output capacities of the valves limit

the minimum pulse rise time which can be handled by the amplifier.

Consider a pentode with anode load E and mutual conductance g.

The gain at moderate frequencies is then given by the usual formula

for the pentode, G = gR. At high frequencies, the anode load

impedance is reduced by the stray capacity C which shunts the load

R and causes a reduction is gain. This stray capacity consists of

the anode to earth capacity of the valve, plus the input capacity

of the following valve. When the impedances of E and 0 are equal,

defining the cut off frequency which is taken as the bandwidth.

"When this happens,

the response is reduced to of that at moderate frequencies,

B = f = y
c 2fTRC 7 as the lower cut-off

frequency is very small.
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"
■

, ,

The product of gain and "bandwidth is thus

G,B = ^ = 2/rFc

and is thus dependent only on the valve and not on the load resis¬

tance. The value of C will also include any capacity introduced

by the wiring.

For a typical pentode used in amplifier circuits, type

SF91 (CF158) j g m 7.5 mVV ana (C^ ♦ C^) = 9/*/*F, giving a
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 a number of valves in parallel

in such a way that their mutual conductances are added without

adding their stray capacitances. Such an arrangement is known as

a distributed amplifier, and details of this can be found in

numerous references (see, for example, Farley - Elements of Pulse

Circuits, p. 95, or Bell - Annual 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 a secondary emitting dynode in place of the usual

anode. The grid of the pentode controls the electron flow to the

dynode in the usual 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 secondary emission pentode has a mutual
conductance of 4 ^ for the anode and — for the dynode, with
no appreciable change in stray capacities. Thus a considerable

improvement in the gain-bandwidth product has been achieved.

For the EFB60, g is given as 25 m^/V and (C^ + 0 = 15/U/tp.
This gives a gain-bandwidth product of 260 Mc/s, which is about

•twice as good, as that for the conventional pentode. In the

amplifier described, the anode load resistor is 1 kJlt giving a gain

of 25 for the amplifier, so that the bandwidth is about 10.5 Jfc/s.
For an amplifier transmitting frequencies up to £ the

approximate minimum rise time, is given by Farley (loc. cit.

p. 87) as

*r ' 3?

In this case f = 10.5 Mc/s

• ** *r & 3! x 10"6 sec.
'i

pd 50 m^ts.
This time is thus of the same order of magnitude as the limitation

.In 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, -She less the distortion of any pulse amplified by it.

Hence the circuit above will transmit short rectangular pulses with

small distortion. This is necessary in the apparatus described

here. To obtain bandwidths greatly in excess of those used here,

in order to amplify pulses 1 m /M.s 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 input pulses. This fact is used in the preampli¬

fier described later.

7.2*6. The discriminator and trigger circuit.

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, and which is discussed in Lewis and Wells

(loc. C±t» p. 232-4)»
In the circuit described here, positive pulses from the anode

of the amplifying valve *ow impedance to the cathode

of the germanium diode , via the cathode follower The

cathode follower V_ applies a negative bias to the grid of the

trigger circuit valve to ensure that it is non-conducting in

the quiescent state. As soon as the grid potential of rises

positively, above the value set by V^, the diode D,, ceases to
conduct and the grid potential can continue to rise rapidly.

The potentiometer SVp which controls this bias is preset at a

suitable value.

The potential difference across the diode D., 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

KV,, if RVg is preset. A pulse which is large enough to overcome
this bias, and the grid bias on the trigger valve, 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 C^. This drives the grid potential still more positive
so that the circuit is regenerative due to this positive feedback.

The current through the valve therefore continues to rise, a large

proportion of the dynode current being taken by the grid, dependent

on the circuit parameters. In the absence of the delay cable L^,
the anode potential would rapidly reach a value determined by the

circuit parameters, and then gradually rise as the condenser

connecting dynode and grid charged up owing to the grid current.

When the grid current had fallen to a small value, the dynode

current would begin to fall so that its potential dropped. This

charge "being fed to the grid, the valve would be regeneratively

turned off again. The pulse length would be /v 1 ^(s.
The presence of the delay cable modifies this action. The

anode potential rapidly falls to its minimum value, dependent on

the anode load resistor and other circuit parameters! also on

space charge effects in the valve. A negative pulse from the

anode is transmitted via the cable and the diode to the

control grid. When this pulse reaches the grid, it initiates the

regenerative cutting off of the valve as mentioned above. In this

case, however, the pulse length is equal to the delay time of the

cable Lj. is about 4 metres long, so that negative pulses
about 20 mfJisi long are obtained from the anode of V^. The pulse
height with the circuit as used is about 30-35 volts. These

pulses are then fed via the cable Iv, to the coincidence mixer.

The diode and its associated circuit bypasses any positive

components of pulses appearing at the function of and , These

would otherwise tend to cut off and prevent it operating with

the negative pulses.
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7.2.7. Summary of channel description.

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 also been given,

where relevant*

The original designers gave the gain of the combination of

pulse-shapcr, amplifier and discriminator as seven. They used &

CVX2276 valve instead of an EFF60 for the amplifier stage, which

had a gain-bandwidth product of 280 Mc/s and a mutual conductance

of 19 ma/volt. Thus with the same anode load (1 kJl) 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 would be
about unity, with the anode load used. Owing to the shaping

action of the circuit (see earlier) this gain is effectively-

reduced to rJ 0.5, giving a value of 9 for the total amplification

of the stage. 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, Theoretical Description of Operation of Coincidence ftttxer.

The circuit diagram of the coincidence mixer is given in figure

22 . The coincidence circuit used consists of an arrangement of

biassed diodes* Switches are inserted between the diodes , Dg,
Dj, and the cable matching resistors H^, Rg, E^, R^j in order to
select the menber 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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- 200V

Consider the arrangement in the diagram above. In the

quiescent state, current flows through the 10 k_0_resistor and

the parallel arrangement of diodes. If the forward resistance

of a diode Is taken as about 330-^(Maker's Data)}the potential
at point A will be — « — 4*5 volts.

If a negative pulse of sufficient amplitude 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 simultaneous negative pulses of the same amplitude (in this

case 35 volts) are applied to the two inputs, the potential at the

point A goes down by 35 volts, the pulse height. A similar result

is obtained if an input pulse is applied to a single diode , the

switches Sg, "Being open.
The cathode of the diode D_ has a variable negative bias

5

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

by the potentiometer HV^ . Using the calculations in the previous
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paragraphs, if the system is set to record doublefold coincidences,

singlefold pulses will fail to get through the diode if the

cathode potential of this diode is more than 9 volts negative.

Doublefold events will be rejected by a bias of more than about

<-35 volts at this point. She bias is normally set at -25 to

-30 volts.

Valve Vg^ is an amplifying stage which amplifies pulses fed to
it by the cathode follower V^. The positive output pulses are
fed to Vy vie the condenser and the diode D_,.

The valves V_ and V are arranged as a long tailed pair (see
j 4

Parley - loc. cit. p. 29-315• In the quiescent state, each valve

is conducting 9 or 10 jeA (measured with meter), PV^ being adjusted
so 'that the grid potentials are approximately equal. Referring

to the reference (p.30) a positive (or negative) signal on one

grid in the long tailed pair circuit produces a positive (or

negative) signal respectively on the opposite anode. If a positive

signal is applied to the grid of Vy the anode potential falls and
a negative pulse i, fed to the grid of via the condenser 0g.
This produces a further negative signal on the anode of V_ which

2

.is also fed to the grid of V^ by the condenser. Thus the action
is cumulative and continues until V, is cut off. The change of

4

potential at the anode of is equivalent to a current change of

about .9 mA through a resistance of 1.8 kJl, This gives a positive

output pulse of about 16 V at the anode of V^, which can be used to
operate the subsequent circuits. The pulse length (about l^sec.
in this case) is determined by the time taken for the grid poten¬

tial of to rise sufficiently to start the valve conducting

again, when the circuit will return to its initial state. The
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diode prevents the grid of going further positive than

originally, and starting continuous oscillation of the circuit,

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

0,1 fJLT condenser C^. The circuit therefore returns to its
original current condition, as determined by the setting of EY^,
after one output pulse#

74# Concluding Remarks »■

As no oscilloscope was available which could show pulses as

short as 20 mfA.3 at anything like their true shape or amplitude,
the action of the circuits described above had largely to be

inferred from the results obtained. As will be seen in the later

chapters correct operation was confirmed.

7#5# Constructional retells and Auxiliary Apparatus.

7,5*1• General.

Each channel, and the coincidence mixer unit, is mounted on

a separate welded steel chassis 12 in. x 17 in. x 3 i».» with a

front panel 19 in. x 9 in. The input and output leads for the

power supplies consist of three and six-core screened cablej

connected to appropriate coaxial sockets and fitting appropriate

coaxial plugs on the chassis. The pulse input and output leads

are single core coaxial cable. In addition to the above units,

there are also a voltage distribution chassis and a preamplifier

chassis.

75.2. Voltage distribution chassis.
* •

This chassis supplies the following voltages to the coincidence



88.
unit channels viz. +500V, +300V, +200V, +150V and -200?
with respect to earth. The positive voltages are all obtained

fran a 500V supply by means of voltage stabilizers and current

limiting resistors.

A stabilised power pack (Solartron type SBS15M) supplies

-f500V at a rated peak current of 300 mA. This is fed to the

voltage distribution chassis, the circuit of which is shown in

figure 2$ * 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 it. If dropping resistors were used, the voltage obtained

wouldj of course, vary with the current. A typical voltage

stabilizer, the (T?216, has © voltage drop across it of about

150? while the current through it varies in the range 5 mA to

40 mA. If a suitable resistance is placed in series with it to

limit the maximum current to 40 mA,up to 35 mA can then be

obtained at a potential of 150V. Combinations of different stabil

izers can be used to give different voltages. All the positive

voltages are obtained from the 500V supply by this means. The

negative supply (-200Y) is obtained from a stabilized power pack

(Solartron type AS517} which gives -300V at a maximum current

of 100 This supplies current to two Mullard 46S7 stabilizers

in series, together with a current limiting resistor. The burning

voltage of each stabilizer is about 100V, giving a total across

both of 200V. A circuit diagram of the unit is shown in figure 23



VoltageDistributionChassisCircuit.Figure23,



89

7 .5.3» Preamplifier.

The preamplifier was constructed as it was found that output

pulses of sufficient height were not available from the 5 in.

photomultiplier tube, without running it at a very high E*H»T»

voltage. This would lead to non-linearity of operation, due to

space-charge effects in the tube, and would be detrimental to its

performance »

An amplifier stage using a single EFP60 secondary emission

pentode gives sufficient gain (n/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 phase inversion,

as has already been mentioned in the earlier description of the

channel amplifier stage* Pulses are fed to the amplifier valve

by a cathode follower, the circuit of which is the same as that

used in the early experiments with photomultipliers (chapter 4 ) •

A circuit diagram is given in figure 24.

7 *5*4. Delay-line 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 variable length of coaxial cable, of characteristic impedance

122-Q.(B.I„C. cable type T3042) and having a solid polythene

dielectric. For such a cable, the velocity of propagation of a

pulse is independent of the frequency, and is equal to that of a

plane wave in an infinite volume of the dielectric which fills the

space .between the conductors. The time delay per unit length, T,

is therefore given by:-
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PreamplifierandCathodeFollowerFigure24.
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T *JfcJt « ciyMsec/iaetre
where ~ 6-y^ is the relative permittivity of the medium
arid ihe relative permeability of the medium.

For polythene, X = 2,30 (Kaye and Laby, p, 95) and K can "be© IE

taken as 1,00, Iience t-

<4Q .
f ss —^ ^2.30 nyXs/metre

« 5*05 m/M-s/metre*
The cable is stated by the makers to be suitable for use at

frequencies up to 500 J&s/a with an attenuation of 0,27 db per

100 feet at a frequency of 1,0 Mc/s,

The characteristic impedance of a cable depends on the ratio

of the diameters of the inner and outer conductors, and on the

dielectric used. For this cable the inner conductor diameter is

0.0148 in, and the outer conductor diameter is 0,355 in. (approx.)
The ratio r is thus equal to 22,6, The

inside

characteristic impedance (ZQ) of an air-spaced cable is 138 X

log^Q • outside j\_ , For a cable with a dielectric, this value
rinside

is multiplied by /V*e which is Jg"jQ in this case.
Hence for the given cable, Z » log ^ 22,6 which gives0 V2.30
123.5J7. 9 ln good agreement with the value of 122Hgiven by the

makers, allowing for the approximate value of the ratio

U8ed-
. '

Hie 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 required. A rotary switch enables the output
W

plug to he connected to 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 front 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 disconnected, ss otherwise undesirable reflections

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 point 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 sssymmetry in

the two channels, This is of no importance, as it will be seen

later that it is only the difference in the two delays which

matters, and this can. be adjusted by means of the variable delay,

7 ,5«5« Conclusion.

The construction and theoretical operation of the fast

coincidence circuit has been given. Descriptions have also been

given of the auxiliary apparatus needed in conjunction with it.

The calibration of the apparatus, its use to determine the velocity

of -rays and the experiments done in conjunction with a Wilson

Cloud Chamber will be described in the following chapters.
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Chapter 8.

EXHBRIMEMI!AL TESTS OF FAST COH-iCHEKCE UNIT

8.1. Determination of resolving time of unit.

8.1.1. Introduction.

Experiments were performed to find the resolving time of the

unit. This was done by two separate methods:

(a) Insertion of a variable delay in one channel, in

order to obtain a delayed coincidence curve from

which the resolving time was measured.'

<b) The me of a double pulse generator.

Values of the resolving time were obtained which were

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

8.1.2. Theory of delayed coincidence method, and shape of

curves obtained.

If the output pulses from both channels of the coincidence

unit are rectangular and of length f , the delayed coincidence

curve will be rectangular and of width 2 This is fully

explained in Chapter 6{ section 6.2.) Delay inserted in one

channel can be arbitrarily called positive and in the other,

negative.

In a practical circuit, a truly rectangular shape is never

obtained. The shape of the curves actually obtained is shown below.
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She main reason for this difference is that an output pulse

frees a channel is not produced at a fixed time after the input pulse,

but there is a statistical spread in the time due to the channel

itself. Binder (1949) has investigated this problem mathematically,

and he concludes that the shape of the distribution should be that of

the Gaussian error curve assuming tliat the resolving time of the

circuit can be considered small compared to the statistical spread

in channel delays* He compares his theory with some results

obtained by Bfeclntyre (1949) for the decay of Na2^ by/3 -emission
pj

into % , which then decays by -emission with a half life much

less than the resolving time of the apparatus. Good agreement is

obtained. That the shapes of the curves obtained are reasonable

is shown in the following diagram and. discussion.

s

Counter 2.

1
!
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V
r

1
1

t

Counter 1. /
, { Time->

\ >\ 1 Counter 1 Delayed with
\ i Respect to Counter 2

If the statistical spreads in transit time for the channels

are indicated approximately by the dotted lines, scxr.e coincidences

will be obtained whenever the extremes of the dotted regions overlap*

In theory, of course, there will still be a chance of a coincidence

when there is no overlap, but it will be very small. If the

distributions of pulses in time between the dotted limits are



Gaussian, and have roaxima 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 than

the resolving time, a curve of approxiiiiately Gaussian shape will be

obtained, corresponding 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 channels are different, the same general shape of curve will

be obtained. Curves of these types have been obtained in the

experiments described later.

Deviations in transit time through the channel arise through a

number of factors. The time at which a pulse gets through the

discriminator after it starts to rise depends on its amplitude, as

the smaller the pulse, the greater the time tshen to rise above

the discriminator bias. This is because the rise time is the same

irrespective of amplitude, as shown in the diagram.
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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 he an un¬

certainty in the triggering time of.the channel output trigger
•

,,

circuit, as this will not always trigger on the same si2e of input

pulse. Other statistical delays in transit time through the channel

will also he present, A statistical fluctuation in the time of

the output pulse from the coincidence miser due to variations in
I

triggering time of the output flipflop vrilll also contribute to

the time spread. The actual value of the r.m.s, deviation

from the mean time at which the coincidence is recorded will depend

on the apparatus used.

If coincidence counts are performed, using pairs of -rays
■

which are emitted with a time separation much less than the re-

solving time of the apparatus, a curve of the type described above

1 is obtained. Experiments using Co, ,, which emits two a -rays

within a time a/ 10" sec of each other, produced curves of

this approximate shape,

A JT -ray passing through the scintillator can lose energy by

three processes

(i) Photo-electric absorption,
(ii) Corapton scattering,
(iii) Pair production.

For the ft-rays from Co*°, which have energies of approximately*

1,2 Mev, the cross-section for Cornpton scattering is much larger

than those for the other two processes. The energy of the Corapton

electron produced can vary from zero up to a maximum of Eq where
.

Eq is given byj- E
£ =

0
1 ♦



Here Is the initial energy of the <jf-ray, and m0Ct(= 0.51 Mev)
is the rest energy of the electron. In this case, s 1,2 Mev.

Hence Eq 1 ,0 Msv.
If the Compton electron has a small energy, the scattered pho¬

ton may produce a second Compton electron. By this time, the energy

of the photon will he .small, and as the cross-section for photo¬

electric absorption increases with decreasing photon energy, a

photoelectron will probably he produced. The cross-section for

pair production at an energy of 1.2 Mev is very small and can he

neglected in comparison with the other processes.

The Compton and photo-electrons now lose energy hy ionizing

the atoms in the phosphor. If the phosphor is sufficiently large

to ensure that all the electrons produced hy a given <T-ray are

then absorbed in it, the total energy of the <T -ray can he

absorbed. The phosphors used here are large enough to satisfy

this condition for a large proportion of the incident If-rays.

If a delayed coincidence curve is obtained using the pairs of
60^f-rays from the Co source, the sides of the curve are less steep

than for a curve obtained using a single counter, as input to both

channels. The reason for this is that the statistical spreads in

transit time times through the two channels are now greaterj as

genuine coincidences can be obtained between pairs of (f -rays

which lose all their energy in the phosphors (most likely) between

a }f -ray which loses a large amount of energy and one which loses a

small amount, and 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, statistical variations in channel tran¬

sit time will "be produced as explained earlier in this section.

The same 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 vd.ll not be constant, but
•will depend on the path lengths in the phosphors.

8*1.3. Experimental arrangement.

The apparatus was set up as shown in figure 25 , with the

variable delay line box in channel one, in the position shown.

The pulses from a single scintillation counter (the one with the

2 inch photcrrultiplier tube) were fed into both channels at "the

same time. The discriminators (R ) of both channels were

adjusted so that reasonable counting rates of approximately equal

magnitude were obtained for both when on singlefold count. Ho

source was present at this stage, and the counter counted cosmic

rays and background radiation. The singlefold counting rate for

each channel 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 was increased, the coincidence rate

approached zero, showing that the unit was functioning correctly.

Two preliminary curves, taken on succeeding days, are shown in

figure 26, each 5*0 m/Us corresponding to 1 metre of cable (see
earlier discussion of the delay line box) • The difference in

the maximum counting rates is due to a small difference in the

photoraultiplier E.H.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 measure 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 channel. The lengths of all other

cables on both sides were kept the same. The other part of the

coincidence curve was then obtained. Some shift of the centre

of the curve with respect to zero delay in the box was present,

but this was only due to different mean delay times in the two

channels. The experiment was repeated a number of times, in order

to esnure that the results were consistent. A typical example of

one of the curves obtained is shown in figure 27. The position of

the variable bias control, EV*, in the coincidence chassis remained

constant throughout 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 bias 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 channel delays are equal.



CompleteDelayedCoincidenceCurvefortheFastCoincidenceUnit-
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The Mas on HV^ in the coincidence chassis was raised to this
maximum value, (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 half-width of the delayed

coincidence curve at half the maximum height. The curve in

figure 27 gave approximately 35 m^s, and the curve In figure 2F,
approximately 20 KyWs. The difference has already been explained
above,

8.1.4. Method of measuring resolving time of unit, using a

double pulse generator.

For this method, a double pulse generator type 11474 was used.

This provides two rectangular output pulses having quoted rise times

of less than 10 Is. The time separation between the two pulses

can be varied, and it was possible to read this to 5 ®/4s on the

generator scale and to about 1 s by estimation, A pulse length

of 1 ^ s was used, with a pulse height of about 5 volts. The repe¬

tition frequency was 1000 c/s for both pulses.

One output pulse was fed to the input of each coincidence

channel. The discriminator bias (KV^) in one channel was kept
constant while that In the other was varied. The bias in the

coincidence chassis (KVj) was also kept constant. The relative
delsy between the two pulses was then varied, and it was found that

an output was obtained from the coincidence mixer when the relative

delay was varied over a range of about 35 ra^-s, corresponding to a

resolving time of about 18 m^s. The bias on the coincidence



Complete Delayed Coincidence Curvefor the Fast Coincidence Unit
(High Bias in Coincidence Mixer)

Delay in Metres of Cable Figure 28.
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mixer diode (D5) •was —20V, the resolving time varying with

this as already explained. The effect of varying the discriminator

"bias in one channel was to alter the delay time in that channel,

owing, to the channel triggering at a 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 resolving

time tos found to remain nearly constant, but the delay range which

gave output pulses (about 35 m^Ms ) occurred in different parts
of the pulse generator dial. Hence, for the delayed coincidence

curves, the channel biases were not varied during the course of a

run. It was also confirmed that the resolving time was altered in

the expected manner by altering the bias level in the coincidence

mixer.

The pulse generator was also used to obtain an experimental

measurement of the delay introduced by the delay line box.

With the same conditions as above, the delay line box was connected

in series with one channel of the unit. Keeping all biasses con¬

stant, the delay ranges for coincidence counts for different lengths

of delay cable were found, and the generator scale readings noted,

A table 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 m^(s.

8,1,5. Conclusions,

The resolving time of the unit, as determined by two separate

methods was about 20 mfis. 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.

Delay Cable Length
in Metres

Delay Range for Courts

(m^s)

0.0 +25 to -25

1.0 +20 to -30

2.0 -M2 to -37

3.0 + 5 to -45

4.0 0 to -50

3.0 -6 to -55

6,0 -14 to -60

7.0 —22 to —64

8,0 -29 to -68

9.0 —36 to —71

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 typical 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 protons which

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 particles from a machine.

For testing the coincidence unit, it was convenient to use

JVrays, as their velocity is known and can be compared with the
value obtained from the experiment.

Determinations of the velocity of -rays have been done by

other workers as tests of coincidence equipment, Cleland and

Jastraxn (1951) determined the velocity of the 0,5 Mev coincident

ft-rays produced by the annihilation of positrons from Cti .

They used a coincidence apparatus with a resolving time of 5 s

and obtained a value in accord with the accepted one. Luckey and

Weil (1952) measured the velocity of 170 Mev bremsstrahlung ^'s
by counting them in delayed coincidence with the electrons producing

them. The }f ' s were produced by allowing the circulating beam of
tl

510 Mev electrons in a sj^phrotron to strike a thin target. The
value of velocity was in agreement with the accepted value. Their

resolving time was about 5 m^As.
For the experiments described later in this chapter, pairs of

coincident -rays from a small source of Cobalt 60 were used.
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For Cobalt 60, the chief mode of decay is by the emission of a

312 Kev fi -particle, followed by two Y -rays in cas cade. The

energies of these Y -rays are 1.1? and 1.33 Mev, and according to

Allen and Egelstaff, as quoted by Stroiainger, Hollander and Seaborg

in Tables of Isotopes - Review of Modem Physics 30. 630, (1958),
•12

the time separation between the Y -rays is about 10 sec. They

can therefore be considered coincident, as compared with the re¬

solving time of the circuit. The /I -ray is emitted coincidently

\vith the first % -ray. As it is of low energy compered to the

Y *s, and had to pass through the metal boxes containing the coun¬

ters before reaching: the phosphors, any pulses produced it were

too sraall to "get through the bias levels used for the Y -counts.

A simplified decay scheme is shown in the diagram

Co fro

fro

tfev.
-2-&Z

I-/7Mey.

•l-W

l-iiMtv.

8.2.2. Experiments! arrangement.

The apparatus was set up as shown in figure 30. For this

experiment^ tv/o separate counters were required for the two channels*
The small counter, which was used for the resolving time measure¬

ments was fed into channel one. The large counter, in series with

the preamplifier was fed into channel two. In the absence of the



BlockDiagramofArrangementUsedfortheTimeofFlightExperiments,UsingRaysfromCobalt60.
Figure30
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preamplifier, insufficient gain was available from the photosmilti-

plier itself, except try running it at an E.H.T. voltage in excess

of the recommended maximum} assuming that the channel bias levels

(E?^) were sufficiently high to cut out any spurious pulses.
These spurious pulses were due to pick-up between the two channels,

which probably occurred because they share the same power packs for

the positive and negative voltage lines. The reason for this is

the number of different voltage values required. Pick-tip does not

occur as long as the channel bias levels are greater than - 5 volts,

as measured across . The preamplifier has a gain of about 25,

■which enables this condition to be satisfied.

The two counters were placed on the same horizontal level,
60

at a distance apart of three and a half metres. When the Co was

placed at a point equidistant from both counters, coincidence counts

could be obtained from pairs of cascade -rays, one of -which

entered one counter and one the other counter. As the time separa¬

tion between the ft 's is so small, they could be considered as

entering the two counters at identical times. The coincidence

counting rate was, of course, a function of the geometry of the

system, increasing when the counter separation was decreased. Hie

(f -rays were counted by means of the processes already described

in section 8.1.2.

8.2.3. Preliminary experiments.

If the delay line box setting was varied, with the source

equidistant from the counters, a delayed coincidence curve was

obtained which was similar to those obtained in the resolving time

experiments. The maximum of the curve corresponded to equal

delay times in both channels.

If the source was placed adjacent to one of the counters and
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the delay setting was again varied, a similar curve -was obtained

•which should have its maximum displaced along the delay time axis

by an. amount equal to the time taken for the ^f-rays to travel

3.5 metres, the counter separation, ELacing 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 theY-rays could then be obtained from the curves. In order

to enable the separation of the curves to be found accurately, they

were normalized, so that their maximum ordinate* were the same. As

the separation of the two extreme curves should be about 23 m^tfs
(4.5 metres of delay cable), it is easily detectable when present.

The first rough results obtained appeared at first sight to

verify this, but they turned out to be non-reproducible. This,

it was later discovered, was largely due to instability of the large

photorrrultiplier, which was finally replaced. There was some

separation obtained between the curves with the source in the two

extreme positions, but this was insufficient to be conclusive.

It was at first 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 Y -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 one counter, lead was placed round

the source and between it and the other counter, in an attempt to
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stop any (f -rays from reaching the counter directly. Any

coincidences recorded should then have been due to scattered -rays

or pick-up^ if the screening was effective. The coincidence
rate under these conditions was compared vd-th the rate when no

shielding was present. This latter rate was between two and four

times as great as the former, at different times of measurement.

The difference was partly due to differences in the shielding

efficiency. These results were inconclusive as to the presence

of pick-up, as sufficient (f -rays might have reached the second

ter to give the recorded number of genuine coincidences. They

however show that 50fo to 8Cyfo of the recorded coincidences were

genuine.

In order to reduee 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 E.H.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 stabilisers in the voltage distribution chassis

had already been fitted at an earlier stage, as pulses could other¬

wise be fed from one channel to the other through the voltage supplies

It was now decided to test whether the proximity of walls, or

other large solid objects which could scatter the -rays had any

noticeable effects on the shape and position of the delayed coinci¬

dence curves. Accordingly, the small counter was moved from its

original position near a 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 counter was supported on a stand at sane distance from

a wall, and the separation of the counters was about 3.5 metres as

before. There did not appear to be any appreciable effect on

the positions and shapes of the curves. It was 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

later necessary to replace the large photornultiplier before

reproducible results were obtained.

One fault was, 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 that

each chassis received its heater voltages directly from a separate

supply, the connecting 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 chassis, 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 increase 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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It was necessary also to work with higher biases in each channel

to avoid pick-up.,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 that the width and shape of the

delayed coincidence curves were the same, except for the increase

in counting rate due to the increase in channel gain.

It was now decided that it would be a better arrangement if

the beam^of -rays incident on the two counters were collinated.

For this purpose, a collimatin; device was built up from lead

blocks. This consisted of a pile of lead blocks so arranged

that there was a channel six inches long and about three-quarters of

an inch square, entirely surrounded by lead at least two inches

thick. The collimator was placed adjacent to one or other of

the counters, with the channel pointing in the direction of the

line joining the counters. The source of Go® 't which consisted

of an irradiated wire embedded in plasticines-was placed inside it,
at the end nearest the adjacent counter. The arrangement is shown

in figure 31 • It was now possible to shield one or other counter

from the source fairly effectively by placing a sufficient thick¬

ness (2 or 3 inches) of lead at one end of the collimator channel.

With the source in the channel and adjacent to the small

counter, a singlefold counting rate of 2350 counts per rain, was

obtained for the other counter, in the absence of any lead at the

end of the collimator channel. When three inches of lead were

placed in position, this rate fell to 1580 per rain., showing that
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about 800 counts per min. were due to the source with the given

channel bias levels# Of these# a percentage# dependent on the

geometry of the system# would, give rise to coincidence counts#

The counter separation 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 coincidence rates for

the coincidence unit.

Measurements were now made to discover whether or not the

true chance coincidence rate as measured was in accord with that

as calculated theoretically. For the first measurements# the

small counter was left in channel 1 and counting the Cobalt 60

sourcej and single pulses from the 1147A pulse generator were fed

into channel 2. The chance coincidence counting rate is given by

N = 2 N^2 X

where N = chance coincidence rate

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

N0 = average no. of pulses from
channel 2 per unit time

X = coincidence resolving time of system

The formula is quoted by Lewis and Wells - (loc. cit. page 245)•

In the first instance# K, was l6#300/mixmte arid 14 was 10,000/sec'
±130

(pulse generator).
q

Taking X = 30 x 10 sec (upper limit)
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11 (Theor) = 2 x i0*000 x x 10"9/sec.
££ (10± O'lj/oninute.

The actual measured rate was or

The measurement was repeated v/ith N, = 17,000/rrdn and
±I3>0

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

"(JSeor) • 2 ^ 1,000 x (17,000 x 30 x 10"9/nto
^ (1.0±0'0|)/min.

The measured rate was = (1 .JiO-fy-Jjirnin.

The delay line "bos 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 attenuation takes

plane in the delay line, so that the pulse height into the coinci¬

dence chassis ®s variable, resulting in a slight variation of the

resolving time. This was due to the non-rectangular pulse shapes

as previously mentioned. The new arrangement is shown in figure

32 . The attenuation was, of course, still present when the

delay cable was in the new position, but it could be arranged (by

ensuring that the pulse heights were stifficient) that the

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

This was possible because only the pulses corresponding to the



BlockDiagramofTimeofFlightArrangement,ShowingNewPositionforDelay-LineBox.
Figure32
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larger energy 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 Rates

1 2

1 metre

10 metres

40,000/rain,
±J.oo

34,000/min.
± /es

78,000/min,
±290

71,000/min.
±2,67

. The pulse generator was now removed and the two counters put

back into coincidence with the small counter counting a source of

RdTh and the large counter a scarce of Iridium 192. The length

of cable in the delay line box was varied, and values of the chance

coincidence counting rate were taken in each case and compared with

the theoretical value. Good agreement was oi-teined as shown in

Table 2. • The two singlefold rates were 83,000/min and 1200/min;
whence the theoretical coincidence rate should be given by

(using formula already given)

K (The or* = 2 x 50 x 10~9 x ^W°x x 6°/lcdxi'
or

# (b'.1±o>boh)/^&, 5±o-o3j/ro^in^
This was in good agreement with the experimental values, which

varied from 0/10 rains to 3/10 mine

8 .2,ei. Successful time of flight measurements.

At this stage, it was decided to replace the large photo-

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

unreliable for long counts. It was decided to fit a —metal
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shield to this tube as it is stated by the manufacturers to be

rather sensitive to magnetic fields, A suitable shield is

manufactured by E.M.I. for this purpose. The small counter is

much less sensitive, partly because the separation between the

photocathode and the first dynode is much less than in the case of

the large tube.

After re-assembly, some singlefold counting rates for the

large counter were taken over a period of time in order to check

the stability of the new arrangement. Shortly after re-assembly,

the counting, rate with the given bias was about 4,500/minute, all

measurements lying within the statistical limits. On the follow¬

ing morning, the rate was about 4,300/minute, which was quite

satisfactory, allowing for a small change owing to the photo-

multiplier settling down after being fitted.

A repeat measurement of the chance coincidence rate was now

made, using the RdTh and Iridium 192 sources as before. The

singlefold counting rates in the two channels were arranged so

that they were both approximately AO,000 counts/min. A set of

readings of the chance rate fox- different lengths of delay cable

in the delay line box were now made. The results are shown in

Table 3 » The singlefold rates for the large and small counters

were approximately 50,000/min (ir,and 40,000/rain RdTh) as

measured on the scaler.

It can be shown that the true counting rate when measured

on a scaler which has a paralysis time of Of sec is given by

n

- V



Table 3.

Table showing the agreement between the

measured and calculated chance coincidence rates

as the delay box was varied. This is a repeat of

Table 2 after the large photoraultiplier had been

changed.

Delay
(metres)

Coincidence Rate

/1Q mins.

Experimental Theoretical

1.0 25 i 5 27.0

2.0 - -

3.0 - -

4.0 28 £ 4.6 27.0

5.0 28 £ 5.4 27.0

6.0 26 £ 5 27.0

7.0 - mm

8.0 20 £ 4.5 27.0

9.0 - -

10.0 22 £ 4 27.0

192
The large counter counted an Ir source and

the small counter an Rd Th source. The singlefold

rates were: -

Iiarge = 50,000/min
small = 30»000/iain
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where

n^, » true counting rate
n = measured counting rate

f » paralysis time

In this case, OC » 4^0 s. Hence the true singlefold counting:

rates are greater than the measured ones. Substitution in the

formula above gives rates of 75,000/min (measured as f£,000/min) and

54,550 (measured as 40,000/rcin) . Using the formula already

stated, talcing the resolving time of the coincidence -unit as

20 m^s, the chance coincidence rate is given by

B . 2 * *3*2°Xg>» l£l/3e0.
60 X 60

= 2.7/rainute

ss 27/10 minutes.

This value is in good agreement with the experimental values

(Table 5 ) which 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 Co^
source in the lead collimator 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

plotting the results on a graph (after normalization) that one

curve was displaced with respect to the other by the correct sort

of amount. The results are shown in figure 33•



FT"*)
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It was found that the range of delay available in the delay

line box was in the wrong part 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 substituted. 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 —4 metres). This method of
.

adding or subtracting cable in one channel or the other can

always be used to bring the range of variation on the box into the

desired working range. Subtraction of cable from one channel is,
'

of course, equivalent to addition of the same length of cable to

the other side. Only relative delays are of interest. A check

on the singlefold counting rates of the two counters was kept, these

being measured regularly. It could thus be seen whether or not

they were remaining relatively constant.

It was now discovered that reflection of pulses was taking

place at the input to the delay line boxj as the cable f rem the

counter and the cable in the box were of different characteristic

impedance. This was undesirable, and so the original oable

between the counter and the box was replaced by an equivalent length

of the same type cf cable as that in the box (120-fl.). By viewing

the channel input pulses on the oscilloscope before and after the

change, it could easily be seen that they were much less distorted

afterwards. The top of the pulse had previously shown an oscil¬

latory waveform, which was due to the presence of reflections.

Rep: at measurements 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 also made to see whether replacing the delay "box in its

original position between the channel 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 channel input. It was found that the coincidence

counting rates were now stable, and could be reproduced after a

fairly long period of time, which was not the case before the

replacement of the large photomultiplier. The results are shown

in Figure 34. The relative shift of one graph with respect to

the other was about 4 metres of delay cable, corresponding to a

velocity of 4.O'S)x 10^ m/sec, Thief showed fAat the coincidence
unit waef opetitihtf correctly-

The source was removed and the large counter placed with its

axis vertical. It had previously had its axis horizontal, so

that the scintillator could cover"the largest possible solid angle

as seen from the other counter. The separation was still about

3*5 metres.

The singlefold, counting rates 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

C = 2 x 30 x 10~9 x 690 x 6200/hour

£✓0.25 per hour.

One count was observed in a single period of 3 hours, which was

in accord with the theoretical value. The object of this was

to check the numbers of chance coincidences which could have been

caused by cosmic rays in the foregoing experiments. This rate

was negligible compared with the true rate.



Normalised Delayed Coincidence Curves for Time of Flight Experiment
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® .3. Delayed coincidence curves, using cosmic rays.

The counters were first placed so that the large one was

vertically above the small one, at a separation of about 0,35

metres, A delayed coincidence curve was now obtained in the same

manner as previously using cosmic rays which passed through both

counters in succession* The shape and width of the curve obtained
60

was similar to those obtained with the Co source. The maximum

counting rate was about 45 counts/hour. The curve is given in

figure 55*
The vertical separation of the counters was now increased to

1 ,0 metre. The maximum 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 was again

increased to 1 ,8 metres, when the maximum coincidence^was about
5 per hour. The counter E.H.T, voltages were now reduced so

that the singlefold counting rates fell to about 4*000 per hour

for the small counter and 8,000 per hour for the large one. This

did not have any noticeable effect on the coincidence rate con-

firming^as had been assumed, that the pulses cut out were due to
small energy losses in the scintillators, and not to fast particles

capable of passing through both counters to give a true coincidence.

The particles producing; coincidences were mostly fast -mesons.

For counting rates of 4D00/hr. and 8000/hr. the chance

coincidence rate is given by

= 4.7/year.



Delayed Coincidence CurveforFast Cosmic Rays(Mostly ^--Mesons)
Passing Through the Two Scintil I ati on Counters

Delay in Metres of Cable Figure 35
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A piece of 120 JX cable 11 metres in length was now made up.

5!his could be inserted in. the side containing the large counter,

and would thus be equivalent to removing: the same amount from

the side containing the small counter. With this length of cable

in position, and the delay line box removed from circuit, a coinci¬

dence rate of 0 counts in 18§ hours was obtained. As a very slow

particle would be required to give a true coincidence (/3 ^ 0,1

or 0,2), this showed that there are very few of these particles,

as expected. In the above, the delay in the channel containing

the large counter was about 60 myUs greater than that in the other
channel,

8 *4* Summary.

A description of the method of measuring the resolving time

of the unit, using a variable delay in one channel, has been given,

She results obtained have been shovm to be equal to the expected

value, as determined by the pulse lengths in the unit (about 20

mfAs)»
A method of measuring the velocity of atomic particles or

-rays by the "time of flight" method has been described. This

method has been applied, to find the velocity of the Y-rays emitted

by Co , a value of [3 •0 iO-Sjx 10 metres per second being obtained,
owed -tka-t the circuit wa/ woTkiA-ff correctly
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Chapter 9.

3HB EE5F0KSE OF SHE ELASTIC HiOSHiOR TO COT.T.TRTCM

EKERGY LOSS. AM) THE COUNTING EXPERIMENTS

WISH SHE L/lRGE COUNTER.

9.1. Introduction.

This chapter contains a discussion of the linearity of

response of a plastic phosphor when an ionising particle passes

through it. Calculations for the range and specific energy loss

of protons, electrons, 0i -particles and -mesons in the HE101

plastic phosphor are also given. The counting experiments

performed -with the large counter, using cosmic rays and Y -rays

are described.

9.2. Consideration of the phosphor response to particles of

different energies and different kinds.

9.2.1. Theoretical response of phosphor.

A theory of the dependence of the specific fluorescence of

a phosphor, dE/dx, on the specific energy loss by collision

dl/dx, was proposed by Birks (1951 ), who gave the equation

where A, B and k are constants for a given phosphor. He attr:

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 neV,

It will be reasonable to take the same value for the phosphor

used here. Using the value for the density of the phosphor of

<3L
_ A dE/dx

1 + kB <3E/dx
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1.035 ©R per cc and that for air at N.T.P. of 0.00129 gm per

ccj we obtain a value of KB for the phosphor of 0.013 cm of

phosphor per Mev,

In order to apply this t eory to the energy losses of differ¬

ent types of particle which pass through or stop in the phosphor,

souse values of dE for different energies are required. These

are given in the following section,

cEE
9.2.2. Collision loss and range of particles in plastie

(a) Collision 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 must also be taken into account at high energy,

She basic formula upon which the calculations have been

based is:-

in the usual notation (see Heitler - Quantum Theory of Radiation,

P. 368), E is kinetic energy.

For HE101 plastic phosphor?

Scintillator.

Density = 1.035 gm per cc.

Composition = 9lfo Carbon and 9?° Hydrogen

by weight.

The formula (l) "was re-arranged, and values of
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b -e m computed separately for the Carbon and Hydrogen.Zj
She final results werej-

- ^
doc r- • -ww#)"j

1
+ I l

J

doc Nwb ' + ? • 6o -I
'(A*.

J

She total collision lossd^ given by

- I TcytaX-Ail
dw-

ifl^1
+{~jt

Hyifvrtj^A
CoiliaC&h J

Corresponding values of E and — **or TjuJ.
M -mesons are given in Sable 4. A graph of a a^uJi —JSJZl

doc \cM*tb*
is given in figure 3».

(b) Range-energy curves for heavy -particles.

dR
dE

where R is the range of a particle of energy E. R is found by
1nuzriberical integration from a graph of E and The rangefir

of a particle of energy is the area under the graph between

E m 0 and E = 1^. Corresponding values of E and R for fA- -mesons
have been computed. The results are shown graphically in figure 37.



Table 4.

dE
Table of values of E and ^ for -mesons, protons,

cL -particles and electrons for given values of /3

fA. -rnesmtt Brotons at -particles Electrons

/a E

Msv Mev
per cm

E

Bfev

tt

Mev
per cm

E

Mev

_ <3E

Mev
per cm

E

Mev

_dE

lev
*=r em

0.05 0.106 269.8 0.9417 269.8 3.767 1079.2 0.0005 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 78.80 115.4 0.0107 24.37

0.25 3.485 19.70 30.96 19.70 123.8 78.8 0.0169 16.80

0.30 5.069 14.39 45.04 14.39 180.2 57.56 0.0250 12.36

0.35 7.181 11.01 63.80 11.01 275.2 44.04 0.0347 9.519

0.40 9.610 8.715 85.37 8.715 341.5 34.860 0.0465 7.574

0.45 12.57 7.102 111.6 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

0.55 20.91 5.003 185.8 5.003 743.2 20.012 0.101 4.386

0.60 26.40 4.301 234.5 4.301 938.0 17.204 0.128 3.776

^.65 53.37 3.747 296.4 3.747 1186 14.988 0.161 3.294

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 2.944 1914 11.776 0.262 2.591

0.80 70.44 2.654 625.8 2.654 2503 10.616 0.340 2.339

0.85 94.84 2.422 842.6 2.422 3370 9.688 0.459 2.134

0.90 136.7 2.248 1214 2.24B 4856 8.992 O.661 1.979

0.96 377.1 2.145 3350 2.145 13,400 8.580 1.314 1.884

0.99 6U2.8 2.259 5710 2.259 22,840 9.036 3.111 1.985

0.995 95C.O 2.357 8439 2.357 33,760 9.428 4.598 2,081

0.999 2257 2.6l6 20,050 2.616 80,200 10.4.64 10.91 2.383



 



•031 EnergyEinMev.
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The results for ^-mesons can easily be extended to give the
Range-Energy curves for protons and oL -particles. We note from

equation (l) that for protons, -^/dx for a given fi is the

same as for -mesonsjand for cL -particles, — ^ is four
times the value for -mesons

Also (K.E.)p « J (K.E.) ^

(K.E.)^ = ( k ) (K.E.)
Hence, using R »

r
dE

efj
Rp * 8.88k E ja

E^ « 8.88k E ^ J
for a given value of y3

Therefore, to obtain corresponding values (given /8 ) of R and E

for protons, we multiply the values of E by 8.88k and E by 8.88k.

To obtain corresponding values for -particles, we multiply the

values of E by 8.88k and E by 35*5k* Range-Energy curves for

protons and JL -particles are given in figure 3®* Values of /I ,E

and - g are given in table K.

(o) Range-Energy curves for electrons.

Calculations similar to the above have been performed for

electrons up to an energy of about 10 Mev. The energy loss by

radiation 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 electrons

have a range of the order of 2 inches, so that relatively low-energy



Range in Cm and Energy in Mev for Protons and o<L-Particles in the Plastic Phosphor.

10 0-0 200-0
Energy E in Mev.

300-0
Figure 3g



Range in CiFi and Energy in Mevfor Electrons in the Plastic Phosphor.

0 5-0
Energy E in Mev

7-0 8*0
Figure 39
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kraock>on electrons produced by heavy particles -will be able to enter
m
dx

/X Bwthe cloud-chamber. Values of ft j E and - r— are given in table 4.

9.2.3. linearity of response of phosphor to different energy losses.

Using the value of kE from section 9.2.1., we can writes-

i sUr ~ m/<&
* ** 1 + 0.013 ~

gyp* .

The response of the phosphor will be linear if 0.013 ~ x\ 1.

Reference to table 4 shows that considerable non-linearity will

be present for <?(. -particles and protons of low or moderate energy,

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

be almost linear except at very low energy (less than about 0.5

Hence, for electrons of Energy greater than 0.5 Mev, we can

write

L = constant E smallJ
and for JL -particles of Energy less than about 100 Mev

/ dE 1
L = constant X R r— largeJ

For fast -mesons passing right through the phosphor without

losing an appreciable fraction of their total energy -^/dx is

constant and small, so that the light output is given by

where i is the path length in the phosphor.

This is in agreement with Bowen and Roser (1951, 1952) who

investigated the response of anthracene to cosmic ray -mesons,

and found a linear response at rclativistic velocities. The



122.

energy loss for fX -mesons at minimum ionisation ( (£ * 0.96)
passing vertically through the phosphor and having a path length

in it of 2 inches is referred to henceforward as and is

equal to about 10 Mev.

A graph of dl/cbc and dE/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

06 -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 obtained 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 numerical
i r3T,

integration of curves of j T— and residual range for each
type of particle.

Curves of L and E can be obtained for the NE101 phosphor by
dE

the method mentioned above. Corresponding values of s and E
can be found by using the range-energy curves, together with

the values of E and given in table 4; to select pairs of

values which apply to the same energy. The curves show that an

80 Mev proton stopping in the phosphor would give an output

corresponding to about 5 while a 200 Mev oi -particle would

give an output of about 7 If the phosphor response was

linear, outputs of 8 and 20 Ijn^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
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dissipated "by secondary particles stopping in it giving*large

Output pulse.

For inorganic phosphors the value of kB is such less than

for organic phosphors. Thus for Hal (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 cL -particles is appreciably non linear, being about 60% of

that for the other particles at 10 Mev.

9,3. Pulse height-frequency distribution curves for large

scintillator for Y -rays and -mesons,

9.3.1. Distribution for Ed Th Y-rays.

A small Ed Th source was contained in a collimator made of

lead blocks, as used for the Co^ source (section 8.2.3.) Kd Th *

emits a -ray with an energy of 2.62 Mev. -rays of this energy

incident on the phosphor give rise to:-

(a) Hiotoelectrons of energy 2.62 Mev.

(b) Electron pairs of total kinetic energy 1.6 Mev.

(c) Canpton recoil electrons of maximum energy 2.4 Mev.

In addition, any scattered photon which had produced a Compton

recoil could then produce & pair or a photoelectron (or another

Compton electron), if it had sufficient energy and the scintillator

was sufficiently large.

In a small phosphor of low atomic number, and with photons

of this energy, the Campion cross section is very much greater

than that for the other two processes. This would give rise to a

broad peak of electron energies near 2.4 Mev. In a large phosphor

each scattered photon is likely to be re-scattered and finally to
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produce a photoelectron, so that the total photon energy is

released and the electron energies in this case are peaked 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 inctes thick) for those incident photons which are baekscattered

to lose their total energy in it. At this energy the majority

of the scattered photons will be backscattered.

The -rays were incident along a diameter of the phosphor.

The output of the pulse amplifier was fed to a five-channel pulse

amplitude analyser, which was used with a channel width of 1 volt.

The spectrum obtained showed a peak at 21 volts and it was assumed

that this peak corresponded to an energy of 2.62 Mev.

These measurements were done while the writer vjas working

with Cavie^ (1957)» and the peak obtained is given in his thesis.

A similar curve was obtained for Y -rays from Cobalt 60 which is

also given by Davie£ This had a peak at a voltage about half
:

that for the Ed Th curve.

9.3*2. The Cosmic ray spectrum.

The Ed Th source was now removed. The axis of the counter

remained vertical and the amplifier gain was reduced by a factor

of eight (18 db) by means of the attenuator. A similar curve was

now obtained when the source was not present, due to the passage

of fast cosmic ray yt( -mesons through the phosphor, the counting
rate being much smaller in this case. The spectrum was first

obtained using the 5-cbannel analyser. A repeat measurement was

made as a test of the single-channel analyser, a similar curve being

obtained with a peak at the same voltage. This curve is given in
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figure {fJO% This curve had a peak at a voltage ( a^10V)
approximately half that for the source. Thus the energy loss for

these mesons was assured to "be equal to 2.62 x 8 x | Mevj = 10,5

Mevf for (h -mesons having a path length of 2 inches in the

phosphor.

Calculations arc given in section 9.2,2. for the energy losses

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

jA- -meson at minimum ionization ( ft =0.96) having a path length
of 2 inches (5 cm) 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 lossj at least

up to 10 Mev. The width of the peak was due to statistical

fluctuations in the counter system and to -mesons and other

particles; mainly electrons having path lengths in the phosphor

different from 2 inches.

Taking the pulse height at the peak as equivalent to

the energy loss of a -meson at minimum ionization passing verti¬

cally through the phosphor} the analyser "bias could then he set to

any desired value. The amplifier attenuator could he kept constant,

or reduced by a known factor to extend the scale.

9.4. Detection of showers occurring in lead.

9.4.1• General introduction.

In the previous section, a distribution curve is given showing

how the number of pulses in a given range of pulse heights varies
/ O/jT

with the magnitude of the pulse. A maxiinum occurs at 21 volts

due to the fast singly charged cosmic ray particles, mostly
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electrons and -mesons passing vertically through the scintil¬

lator. Confirmation of this has been obtained by counting the

number of 2-fold coincidences between pulses from the scintillator

and a tray of Geiger counters placed beneath. A new curve was

obtained showing a maximum at the same pulse height, even when

the Geiger tray is shielded by several cm. of lead. It will be

convenient in what follows to identify this maximum with energy

loss rather than pulse height. A fast -meson passing verti¬

cally through the scintillator will lose, on the average, 10.5 Mev,

This figure for velocities greater than 0.96 c, is practically

independent of velocity if high energy transfers to electrons

are neglected. Its value for velocity equal to 0.96 c is a

minimum and this quantity equal to 1^ Willi 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) straggling (in sense cases theft -meson may

produce an energetic 'knock-on' electron), (ii) a fraction of

the particles pass through the scintillator at an angle to the

vertical, (iii) evaporation stars are produced by nucleons and

IT -©esons and (iv) showers.

At sea-level, tie star rate should be between 1 and 5 per

hour in the scintillator. Of these, about 10^ will be energetic

stars in which f^-mesons are produced. The counting rate of

pulses greater than 5 is 6 per hour, of which not more than

half can be due to evaporation stars unassociated with any fast

secondary particles.



127

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 a fixed discriminator

bias under varying thickness of lead. These results will be

described in the following section.

The first counter experiments on the production of showers

in lead were done by Bossi (1233), using three Geiger counters

in a triangular arrangement.

The curve of shower rate against thickness of lead showed

a maximum at about 1.5 cm of lead, thereafter decreasing slowly

with increasing thickness of lead and eventually returning

approximately to the rate for no lead. Such a curve is called

a Bossi curve. The experiment was repeated by many other workers,

among them Auger et al (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 numerous showers in thih.

layers of lead, which are then absorbed if the thickness is

greater, the maximum observed is to be expected. The slow

decrease in shower rate is ascribed to the hard component, 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.

9,4.2. Experimental Bossi curve.

An experiment was done^ using the large scintillation counter
instead of a Geiger coincidence arrangement, to see whether a
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curve similar to those obtained "by Rossi and other workers could

he obtained. Lead of valying thickness was used, from 0 to 18 cm.

The amplifier output went to the single channel analyser, which

was set to a channel width of 4 to 6 i. (see section .

Channel output pulses were counted for the various amounts of lead,
the gain of the system remaining constant throughout. A curve

very similar to that obtained by Rossi, and having a maximum at

1.5 to 2 cm of lead was obtained. As pulses due to single particles

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 via.s used, as more non-shower events

could now be counted.

This curve confirms the view that an appreciable fraction of

the large pulses are due to cosmic ray showers, of which there are

a number 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 trigger the cloud chamber, namelyj (i) scintillation

counter in coincidence with one tray of Geiger counters, (ii)
scintillatar alone and (iii) two scintillators in coincidence.

These results are rather difficult to set down, mainly because

at sea-level the sheavers are not usually of one particular type only

but a mixture. In the following chapter, the photographs obtained

with each arrangement will be discussed and finally an attempt is

made to sum up the situation as a whole.
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Chapter 10.

THE CLOlTO-CHALiBSR WITH COroiTER-COI'TROL.

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 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 as 'Cascade* or 'Soft*- showers.

0>) Showers produced when a single heavy particle, mostly

M -mesonstransfers sufficient energy to an electron.

These are known as "Knock-on" showers.

(c) Showers produced by nucleons or 1Y-mesons in a single

nuclear interaction. The secondary particles in these

penetrating showers are mostly fT -mesons.

(d) Evaporation stars produced by nucleons or ft -mesons, in

which no fast secondary particles appear, but which contain

only protons ando£ -particles emitted with energies ranging

up to several hundred liev. Uroton recoils can also be

included in this.

(e) Fast single particles travelling 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.

(&) Cascade showers

If a high energy electron or photon is incident on a dense

absorber, a cascade shower can be produced. As the thickness

of the absorber is increased, the number of shower particles

leaving it at first increases to a maximum and then decreases

again. This is the process producing, the peak in the Eossi

curve (see section <^-$-.)
A cascade shower is dependent upon two different processes

for its growth. These are the production of photons by high-

energy electrons (Bremostrablung) and thejcreation of electron

pairs by photons. It will be seen, therefore,that the sum of

these two processes can lead to an electron-photon cascade

process if the energy of the initial electron (or photon) is

sufficiently large. Theoretical treatments of this process have

been given by numerous workers, and it will be useful to use some

figures published by Hmbha and Chakrabarty (1948) to find the

number 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 characteristic cascade units

for the material concerned. These are the characteristic length

, which is approximately equal to the mean free path of a

photon before pair creation takes place; and the critical energy

Eo, at 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 Radiation - O.U.P. - 3rd Edition, p. 391)
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2
gives L0 ~ 0,51 cm and • 14 mo .

The lead plate in the chamber is between 2.0 em and 2.5 cm

in thickness, and can conveniently be taken as having a thickness

equal to if (0. Table 5" shows corresponding values of E^
the energy of the primary electron, and N the number of shower

particles produced by it. The probability for the production of

cascade showers in the phosphor, which is mostly carbon of density

ry 1 and. has a thickness <C. 0,25 s can be found from the
o

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

primary energy of 30 G.ev.)

(b) Knock-on showers

A heavy particle passing through matter can produce one or

more "knock-on" electrons. The theoretical results have been

quoted by Rossi and Greisen (1941) and the following theory is

taken from this reference.

Let 7 (E,E>')dEfdx be the probability for a particle of mass

yUt , charge - 1 and energy E, traversing a thickness dx, to
transfer an arriOunt of energy between E* and E* + dE' to a free

electron. The function 7 called the differential 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.

snail compared with E'm, the maximum energy transferred in a

head-on collision:-

7 (E,E,)dE* = 20 fte 6E'
2 (E*)2

Here, G = /I J ' r ' where is Avogadro's number.



Table 5.

The number of: cascade shower electrons produced in
the lead plate of thickness 2 cm by a primary electron
of energy Eq«

E ISbv
o

H

85 0.52

23k 1.90

603 6.00

1660 15.6

k900 36.8

12,300 76.9

32,400 149

102,000 272

246,000 468

Computed from figures published by Ehabha

and Chakrabarty - Physical Review Vol, 74.

P. 1361, (1948),
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For particles with a spin of •§■, -mesons) Bhabha (193®)
has giver.!-

(E>E.)aE. . £1 ./a • gr ♦*(!yj
where again EV is the mxhsum transferable energy .to the electron

m

by the incident particle. It can be shown that

E* = 2M 7-i: providing the momentum of
el i-fiV

the incident particle is ft-» ft anat being
the rest mass energies of the particle and electron respectively.

For a ft -meson, this quantity is equal to 20 Gev. As
long as E' the classical formula gives the same result

as the quantum-mechanical one, and will be used here.

She number of knock-on electrons per unit length having

kinetic energy ^ 1' is given by

N(>e> / 1* /

In most cases, the upper limit for this integral can be taken

as E* as defined above,
a

Some values of the function F(>1*) are given in Table 6,

referring to -mesons passing through lead and through the

scintillator. The fourth column refers to the minimum energy,

which .h ft . ':-:vc to prchuoo ■: lorjocic-o:-.- electron
of energy 1*. In other words, these probabilities refer only

•to jU -sac sens having energy ^ E_^.
In general, ft -cicsons will not normally produce many

electrons in passing through a 2 cm. thick lead plate.



Table 6

The number Il( > E*) of knock-on electrons of energy

> E* produced in the phosphor, and in the lead plate,

by a fA. -meson of energy large compered with E . .

E» (Mev) N(> E*) x 102
Phosphor - 5 era

N(> E') x 102
Lead ELate-2 em

E .

min
GeV

10.0 4.3 13.8 0.30

100.0 0.43 1.38 1.0

200.0 0.22 0.69 1.4

400.0 0.11 0.35 2.0

600.0 0.07 0.23 2.4

1000,0 0.04 0.14 3.1
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(c) Benetratine showers.

Penetrating showers are the result of an interaction between

a high energy nucleon or a Tf-meson and an atomic nucleus.
"/* /v 0

Past secondary particles are produced, mainly // , and II
mesons in nearly equal numbers. In addition, a number of slow

/s. 0
nuclear particles are also present. The /I mesons decay very

rapidly into two photons owing to their very short half lifetime

■which is less than I0~^f sec.

The interaction length for shower production is about 100
-2

gm cm , but only if the energy of the incoming particle is at

least several GeY, For energies less than 1 G-eV and above

threshold, there is only a small probability of producing more

than one fT-meson. The cross-section for capture of Tf -mesons

of energy not greater than several hundred Mev is still about
2

100 gm cm , the capture resulting in an evaporation star of

low energy nuclear 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 coirraon origin

and if they produce no large showers in the lead plate, it is

assumed that they are penetrating particles. Hov.ever, these

photographs always show many electron tracks due to the small

election showers produced by photons resulting from the decay of

the 'JY mesons.

(d) Stars

In addition to showers of the three types mentioned, large
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signals can also 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 ihge (1950), light 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 ^ -particles.

She Range-energy curve for c(, -particles (figure3^) shows that

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

about 2 cm, so that large amounts of energy can be dissipated in

the phosphor itself without producing any visible secondary

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

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

energies produced in stars will often be absorbed in the phosphor.

The.output pulse heights produced by these particles, especially

the o(.-particles, 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 MevoC-particle stopping

in the phosphor will not be about 20 but only about 8 1^^.
For a 100 Ifev o4 -particle it will be about 2,5 1^ and for a

50 Mev proton about 3 1^^.

Stars may be induced either by uncharged particles (mainly

neutrons) or by charged particles (protons). Ftege considers

that the majority of stars having energies of less than about

200 Mev are produced by neutrons. It is thus reasonable to

assume that a large proportion of stars will produce a signal as

large as 5 1^, as this will only be equivalent to about two
protons of energy 50 Ifev each.
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The number of stars which will be produced in the phosphor

per hour oan be calculated from an expression given by Bage.

She gives an expression for the number of stars dn^ formed In the
2

atoms of the element r per day, in 1 as of emulsion of thickness

dx. The element r is considered to be one of the constituents

of the emulsion there being atoms per cc. If nQ is the total
flux of star-producing particles per cra^ per day and the

cross section for star production, then

dn
—£ a H d dx.

n r r
o

Making the reasonable assumption that the expression can

be applied to carbon atoms in the phosphor and taking ®v- as

equal to the geometrical cross-section of the carbon nucleus and
2

nQ as 28 particles/cm /day at sea level as given by Page; the
number of stars per hour in the large phosphor comes to about

5.3/hour. At a counting rate 5/hour, coiresponding to an

energy loss 5 ri we can therefore expect that at least some

of the counts are due to stars of this energy.

In this investigation it appears later that this figure is

too high, unless some of these stars are associated with a shower

produced near the apparatus. When the counting rate is set to

5/houa^ 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 particles travelling

at a large angle to the vertical can lose energy of up to about
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2.5 owing to the increased path length in the phosphor.

If such a particle produces a knock-on electron in addition,

signals as great as 3 may he produced. The number of

pulses as great as 5 such a process will be small

as it will correspond to knoek-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 1^^ and greater is made by stars, and by
the types of shower already discussed.

10.2, The photographs.

10.2.1, The large scintillator and geiger counters in

coincidence.

The first counter control system used to trigger the cloud

chamber consisted of the large scintillator immediately on top

of the cloud chamber, together with a tray of- geiger counters

beneath the chamber. 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 1^^ and. 6 1^^ corresponding to a 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 many

showers would not contain any particles passing through a Geiger

counter. Also, stars in the scintillator with sufficient energy

to produce an output pulse of 5 - 6 1^^ would not always have
any secondary particles leaving the phosphor.
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The majority of the photographs (about 70) were taken

■with about 4 cm of lead above the Geiger counter tray to prevent

the counters being triggered by low-energy electrons. Most

of these photographs were taken before the lead plate was

inserted in the chamber, so that it cannot be determined whether

or not any of the showers contain penetrating particles. From

the photographs taken with this system after the lead plate was

fitted, penetrating particles are present in some of the showers.

The proportion of showers in these photographs varied from about

lOfo to about 90% depending on the singlefold counting rate of the

scintillation counter. The yield corresponded to a bias

of about 6 I , and a coincidence rate of about 0.2/hour.
min

_ Some photographs were taken with about 4 ess of lead

immediately underneath the phosphor, in addition to the 4 can

above the Geiger counters. Of eight photographs taken

consecutively with this arrangement, seven contained showers,

the average waiting period being about four hours.

This work was done while the writer was working with Davies

and the results are more fully described in hiE thesis (levies

(1957)). The photographs taken 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¬

cribed here were obtained later in the other runs, no photographs

of this run will be given.
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10.2,2, The large scintillator only.

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 I5f with the large scintillator only would still he as

good as a shower yield of 100^ with the coincidence circuit,

the rate of shower production "being about the same in each case.

Hiotographs were now taken with the large scintillator

immediately above the chamber, no lead being present. The

output pulses from the counter-amplifier went to the single

channel pulse height analyser (see Chapter 5). The pulses to

trigger the cloud-chamber were taken from the analyser differen¬

tial output. The reason for this was that 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 small range, say from 4 to 6 1^^, pulses
due to events such as extensive showers produced above the

apparatus will not trigger the cloud chamber. As the chamber was

still non-automatic at this stage, only relatively small numbers

of pictures were taken. Sixty-one pictures were taken with the

above system, the pulse heights used being in the interval 5 yi

to 6 f°r most of them. The counting rate varied between

about %/hour end k/hour, and. 21 showers were obtained which was

a yield of ^ Of these showers, 16 (26%) contained more

than 5 particles. The details are given in Table 7,



Tables

Table 7 - Statistics for photo,'-xaphs obtained using large
scintillator only. no lead being present.

Number of photographs (excluding blanks) 61
Percentage of showers or events 35^
Counting rate 2 - t/hour
Shower rate 0.6/hour

Table 8 - Statistics for photographs obtained using large
and small scintillators in coincidence with
the slow coincidence system.

Number of photographs 25
Percentage of showers or events 21$
Counting rate 2 - 3/hour
Shower rate 0,5 - 0,7/hour

Table 9 - Statistics for photographs obtained using large
and small scintillators in coincidence with
the fast coincidence system.

Number of photographs 320

V/cPercentage of single penetrating
particles

Percentage of other events

Counting rate 5/hour
Shower rate 0.3 - O.f/hour

Table 10 - Statistics for photographs obtained using sne.ll
scintillator only, with lead above the counter.

Number of photographs - 120
Percentage of single penetrating ,nfSr

particles

Percentage of other events 10$
Counting rate 2/hour
Shower rate 0.3/hour
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Examples of the various types of shewer discussed in

section 10.1 xwere obtained in this ran. A large number of

photographs showed cascade' showers, many of which multiplied

further in the lead plate. The original cascade showers were

largely produced by nuclear interactions in the roof of the

building or higher up in the atmosphere, in which ) J 0 mesons

were produced and then decayed to give photons. These photons

then initiated a cascade shower as explained in section 10.1(a).

An example of photograph -which includes a cascade shower

is shown in Plate 1, The shower is locally produced, as the

tracks in the upper part of the chamber project hack tc a point

lying in the phos-hor. The thickness of the phosphor is only a

quarter to an eigfctiof a radiation length, so that the most

likely method of production was from a high-energy nuclear inter-
sJ O

action involving the production of several high energy /) mesons.

These then decayed, giving high energy photons which produced

the cascade. The core of the shower would then contain the tracks

of other penetrating: particles from the interaction, hut it is not

possible to he sure of this as the shower is too dense. The

photographs also includes tracks due to low energy electrons.

A very high energy photon can produce a shower of several

particles even in a thickness of a fraction of a radiation length.

As cascade showers are often produced by the X -rays resulting

from the decay of /) mesons formed in nuclear interactions, it is

to be expected t at a photograph will often show a cascade shower,



Plate 1.

See text, page 139.
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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 observed by many workers using arrangements of Geiger

counters for shower detection. Several examples were found in

this run (about jL$% 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 Elate 2, in which

the penetrating particle is marked.

Penetrating showers in which the photographs only showed

the tracks of a small number of particles were also obtained.

•The photographs of showers of this type obtained in this run

were not of good quality, and a photograph is shown in Plate 8

of such a shower obtained in a later run (Section 10.2.3#(b)).

The photograph is discussed in that section. It is likely that

showers containing penetrating particles 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.

Hate 3 shows a large shower most probably produced by a

high-energy particle travelling at a large angle to the vertical.

This was incident on the side of the lead plate or on one of the

metal parts of the chamber. The inclination to the vertical

of the tracks in the chamber make it likely that incident particle

was travelling horizontally or nearly so, and the number of tracks

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 3.

See text^page 140.
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both with the original slow coincidence system and with the

fast coincidence system,

(a) rhotofyaibs taken with the original slow/ coincidence system

For these photographs 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

22$. 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 showers and very little else, it is suspected that the

true shower counting rate may have been higher than 22$ and that

seme of the blank photographs taken during this period nay have

been due to poor photography, or to spurious triggering of the

chamber by electrical pick-up. The discriminator biasses for both

channels were about 2 in the above. The counting rate was

2 - 3 an hour.

Two photographs were obtained with biasses of 4 and

5 on the large counter and 1 1^ on the small counter.
Both of these were showers. It was considered that a coincidence

system of shorter resolving time and having the counters separated

by a jauch greater distance would probably be more satisfactory.

No photographs from this run are reproduced as better examples

of the same types of showers were obtained elsewhere. Table 8

shows the results

(b) Photographs taken with the fast coincidence system.

The two counters were placed above the cloud-chamber for this

run. The small counter was 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 particles travelling

vertically or at a small angle (< 5°) to the vertical could produce

a genuine coincidence due to the same particle 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

number of chance coincidences was very small (see section 8.5.)

The bias levels in the two channels were arranged so that all

the single fast particles passing through the two phosphors would

be able to record coincidence. In order to ensure this, the

counting rate in channel 1 (small counter) was made about 4000/

hour and that in channel 2 (large counter), about 8000/hour.
As the intensity of the penetrating component of the cosmic radi-

Z /
ation is about 0.01 particles/cm /seq/mkmm* these will all be

counted when the counting rate of the small counter (area. 26 sq.

cm) is greater than 10,000/hour and that of the large counter

(area 120 sq cm) is greater than 4,500/hour. This was satis¬

fied by the values given above. The coincidence counting rate

at the separation of 1.65 metres was about 5 counts per hour.

About 320 photographs were taken with this arrangement at a

rate of 5/hour, Inspection of the photographs obtained showed

that a large number of them (rv 30?0 had single penetrating

particles which passed through the two scintillators and then

through the lead plate in the cloud-chamber. The majority of

these single particles will be jH -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 normally produce a small cascade

shower (see Table 5), so that the particles are unlikely to be

electrons. A typical example of one of these tracks is shown

in Hate 4.

In addition to the single particles, about 1% of the photo¬

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 interesting type,

ELate 5 shows an event in which three interactions 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

above the chamber. There is evidence of a small number of pene¬

trating particles crossing the chamber having the same general

direction.

ELate 6 shows another shower. In this case the tracks extend

throughout the cloud chamber and the shower is a mixed one con¬

taining electrons and possibly penetrating particles. The

track marked 1 at the left hand side of the chamber is possibly

that of a heavy particle.

The event shown in plate 7 is probably a -meson deviated

due to multiple scattering in the lead plate. The track above

the plate appears to be somewhat more lightly ionising than the

One beneath the plate, although it is not possible to say whether



 



Plate 4.

See textjpage 143.
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See textj page143.



 



Plate 6.

See text^page 143,



 



Plate 7.
See text}pag e 143 .
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this is ill fact the case, or -whether the two tracks were differently

illuminated,

Plate 8 shows a small penetrating shower in which one of the

primary 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 interaction, in which four associated tracks can "be seen.

A shower containing penetrating particles is shown in Plate 9,

in which the tracks of the penetrating particles are indicated.

These tracks are approximately parallel, which shows that the

event was produced at a considerable height above the apparatus,
.

A summary of the numbers of single particles and events

obtained during this run is given in Table 9.
■ ■

10.2,4. Photographs taken with the small counter only, ivith

15 cm of lead above the counter.

Some lead was placed above the small counter, with the

corni er immediately above the chamber. It was hoped that second¬

aries from interactions in the lead which only covered a small

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 air showers

or other electron 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 1^. About
10J? show showers or other events and an additional lOfj show single

penetrating particles at various angles to the vertical. The



 



Plate 8.

See text}page 144.
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Plate 9.

See text3page 144.



145.

photographs showing no events are 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.

Hates 10-12 show photographs taken with this arrangement.

Plate 10 shows a small penetrating shower containing two nearly

parallel tracks of particles which pass through the lead plate.

The quality of this photograph is poor, and the two halves of the

chamber have been given different exposures in order to obtain

a reasonable contrast. The reason for the bad quality is that

the chamber 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 over¬

night run as Elate 10, and evidence of vapour depletion can be

seen in the top part of the chamber.

The event in Plate 12 is probably a star 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 run.

10.3. Conclusions.

The cloud chamber photographs can be said, generally speaking,

to confirm the results described in earlier sections. The results

using the fast coincidence system with bias levels a/ on

each counter shewed that single penetrating particles can then be
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See text}page 145.
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See textjpage 145.



 



Plate 12.

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

With a discriminator "bias of 5 or 6 a-nd a counting rate

of about 2 per hour, 25 to h£f?o of the photographs taken 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 evaporation 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 f/hour. This figure was obtained by
2

assuming that 28 nuclear particles per cm per day in this energy

range fall on the scintillator. Most of these must be neutrons.

It is known from work with a randomly controlled chamber that not

more than L of these particles can be protons. In addition, to

explain the results here, in only a few cases can a star occur

in the scintillator which is not associated with a number of other

charged particles.

Of the other photographs, it can be said with certainty that

they all show convincing- evidence that the large scintillations are

connected v/ith 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 Jtov, it has

been shown that as the discriminator bias is increased, denser

and denser showers are obtained. Although about 10-15^ of the

photographs show tracks of penetrating particles, not many pene¬

trating showers can be traced back to the scintillator. As
in

might be expected at sea-level^ and in the basement^ those showers
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ooRtalMisag penetrating particles, and, in fast marly all the

©hewers of any kind which were obtained,' very few single events

occur, It can he Ismgined that ewer if one nuclear particle

strikes the building, several interactions will take place and

the tracks in the chamber com© not from one single event but

from several related event®* In seme of these "untidy" showers,

the penetrating particles have lost the direction of the incident
/■V

particle and. although produced, a® /1 -©©sons, many ©f the© enter

the chamber as jJL Hassans having decayed on the ussy to the chamber*
It.Is difficult to asses© the efficiency of this system. 1

sterpl® 4**fold coincidence system using Gedger counters had

previously been in use at Aberystwyth* 3h® counting rate of

this system was about 1/hour* Sot more than 2&:l of the photo-

graphs taken showed any evidamoe of penetrating; particles other

than jtt -taesons, The present system corm.eres favourable wife
tMs even when only one counter is used, and little or no absorber

is present* It should be possible with this system to study small

showers,

Pt//Te electron Bhmmrm do not provide much background, The

majority of the electron shomer© observed on these photographs

appear to be associated wife penetrating particles) either coring
J 0

irxdroxily iVcsx fl -deeayo or 'knock-on*®* by 11 or ybt -xeoors.
A sajell nusiber of large air showers were observed; photographs

showing some hundreds of parallel tracks with an even larger

number of low energy electrons of energy less than 1 Mev,

At high altitudes, tMs system should give good results, An

efficient Arrangement would consist of a number of small, dense

scintillators such as Kal crystal®, each covered by its own
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photcanultiplier. The advantage of using smaller crystals

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

should bias in favour of stars* The range of most evapora¬

tion particles would be less than the crystal diameter, Cte

the other hand, a large pulse could only be given by a rela¬

tively dense shower of fast particles, A large liquid or

plastic scintillator placed within the chamber, In coincidence

with the ITal scintillators would only be useful if it adequately

covered the whole chamber.
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