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ABSTRACT

The suitability of various types of photon detector for the
purpose of high speed photography is discussed, The advantages of
the photoemissive surface over other detectors are indicated. The
performances of complete photon recording systems, each using a
photoemissive surface as ﬁhe primary photon detector, are shown to
depend almost wholly upon the type of image intensifier employed,

The development of electron optical devices as high speed
sﬁutters is described, together with those physical experiments
which make use of these devices, In particular, the need for a
device containing an electron image delay section and an electron
optical shutter is discussed,

The theoretical perfornance of an electron imnge tube is
described.s The techniques used in the manufacture of such tubes
are indicated, together with their practical development,
Experimental evidence is presented which fully describes the working
range of such a device.

A preliminary investigation into the use of the électron imhge
delay tube as & high speed framing camera is presented. It is
demonstrated practically that the device can be operated in this
mode, TFurther possible developments of such & device ar¢ indicated.

The electronic circuitry, which was developed to enable the
high speed operation of the electron image delay tube, is fully

described,
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Chapter 1 The recording of photon information

1.2 The photon distribution

The facility of reccrding>a phenomenon made manifest by
the emission of photons has long been a requirement in
experimental technigue.

Special means of photon recording have to be emploged
where the total integrated number of photons over the period of

observation is small., The photon flux may be expressed by the

equation:=~
t =T
dn
'&':E'dtzsN
t =0
g .
Where dt is the rate of arrival of photons at the detector, T

is the period of observation and N is the total number of photons.
Three cases of this equation may be considered:-

(1) When %% is very small and T is very large. This condition

applies in certain astrononmical observations, where thée problem

is to distinguish the faint star images from the fluctuations

in the background illumination., Upon integration the signal

incréases proportionately to T and the r.m.s, fluctuations

proportionately toJT, If the integration proceeds linearly,

the discrimination will improve proportionately to /T, The

requirement therefore; is to make the effective exposure time

as large as possible.



dn
(2) When beth di and T are intermediate in value. This

condition applies in the medical examination’of vatients using
X~radiation, A fluorosccéic screen is used to convert the
X—radiation to photons of visible light for observation.
Since high doses nf Y-radiation must be avoided the value
of N, which is directly dependent on the dose, muéf be kéﬁt
as amall as possible.

da
(3) When dt is of moderate to large value and T is extremely
small, This condition applies in the observation of phenomena
of ghort duration most cbmmonly found in the fields of nuclear
physice, plasma and gas discharge physics, The requirement here
ie to detect the small number of photons and to provide a high
speed shutter, in order that extraneous information may be
excluded,

1.2 The ideal photon detector

The ideal photon detector would have the following properties:-
(2) Every incident photon would be detected as an individual
separate event of equal weight, i.e. the quantum efficiency would
be'unity.
(b) The information storage capacity would be infinite,
(¢) The détector would accommodate any distributicn of photons in
space and time,
(d) The detector response would be uniform at all wave-lengths

of the incident photons,



The conditions (a) and (b) stated above assume an ideal
incident signal which is noise free, However, the incident

1

photon distribution obeys Poissonian statistics and therefore

the r.m.s. fluctuations in N is /N, There is also statistical
fluctuations in the rate of absorption of photons at the detector.
This means that both the signal and the detector have characteristices
describable by electrical signal to noise ratios, Zweig(a)has

shown that this precludes the possibility of achieving unity in

(3)

quantum efficiency. Jones' '~ ’hes shown that this also limits ths
information capacity of a radiation detector,

Practical photon detectors have a limited working range of
incident illumination, i.e. they may be under or overloaded,

The light collecting optics available and the physical size of
the detector 1limit the spatial photon distribution which may be
observed.,

Practical photon detectors have spectral response variations,
and must be chosen according to the wave-length of the incident
photon signal,

The performance of a photon detector considering the
properties (a), (b), (¢) and (d) has led to the introduction of
the concept of the equivalent quantun efficicucy of the detector,

1¢3 The equivalent guantum efficiency

The output signal of a detector caused by a given input

signal is commonly termed its "sensitivity", It is not evident
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how the sensitivities of detectors of widely different types

can be compared,

Roge(u) 5) (6)has compared the performance of different
types of detector by considering their signal to noise ratios
to that of an ideal detector under the same conditions, The
ideal detector has a mean squared signal to noise ratio, R1,
equal to that of the incident radiation. If under the same
conditions, an actual detector gives a measurement of mean
squared signal to noise ratio R, its performance as a dotcctor

may be expressed by E;, where

This means that if N photons are necessary for a perfect detector
to obtain a given measurement, and if an actual detector requires
Q incident photons, then
E; _ X
Q
Fellgett(7) (S)has called £ the "Equivalent gquantum

“e
(9)

efficiency" of the detector. (R.C. Jones terms the sensitivity
of a detector "the responsive quantum efficiency" and E; "the

detective quantum efficiency").

In general 6; is a function of the conditions of use. The
performance of the device is represented by a family of curves
showing the variation of E; with the significant operational

parameters,
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This thesis is concerned with the detection of azn extremely
small number of photons over an extremely short period of time,

i.e. case 1.1.(3). Detectors available for this purpose are now

considered.

1.4 Photon detectors

1.4.,1 The human eye

The output of the detection process of the human eye is not
a signal-~to-noise ratio; rather the output is the probability of
detecting a given radiation signal, Thus the output is the result
of a decision making process. In order to define C; the decision
moking abilities of the human eye must be compared with the decision
making abilities of an ideal device. Suppose that to make a given
kind of discrimination, an ideal device would require the signal to

noise ratio K, then

2
K
6, - &

Where R1 is the mean squared signal to noise ratio of the incident
radiation, which the eye requires to make the sane discrimination.
In the determination of E;, various values of K have been
assumed or calculated depending upon the degree of discrimination

required in a particular experiment. Rose(4) (5) (&) (1O)has

assumed a value of X equal to 5., R.C. Jones has used values of

K equal to 1-14(11) and 1.22. At a wovelength of 55008 the peak
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value of Ee from the last mocasurement is & 1%,

The eye maintains a fairly high level of measured
performance over an exceedingly large range of scene
6

illumination; 107 to 102 ergs/cm.2 éé falls with increasingly

shorter observation times, and as the illuwaination decreases.

10 ergs/cm.2 and of duration

At the illumination of 5,10
= 10 mus (typical case 1.1(3)), & would be virtually zero.
The eye can only distinguish as separatc entities those events

occuring at less than 12-13 c¢/s.

1.4,2 The photographic emulsion

The photographic emulsion is most commonly used as a
primary or secondary detector where permanent recording of
the incident radiation is required.

Fellgett(13)has expressed the equivalent quantum efficiency,
Eé, of an emulsion by the formula

£ L
10

Where Q is the number of photons required to give a density
D, ¥ = ap/d log Q (photons cm."a) and a is the mean grain area.

(15)using sensitometric data supplied

Fellgett(14)and Jones
by Eestman Kodek have calculated the value of Ee for Royal-X,
Tri~X, Plus-X and Pan-X. The maximum value E; is 1% using Royal-X
emulsion at an exposure of'i?’IO-3 ergs/cm.2 where the wavelength

of the incident radiation is 43008, & is strongly dependent on
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exposure, its maximum value occuring at a rather low
photographic density, 01 to 0°¢2 1og10 units above the fog

level. At an exposure of less than about 3.’10"1+ ergs/cm.2

(#3002 radiation) Royal-X emulsion gives no image at all

i.e. 5; = 0, The range of the photographic emulsion may be
extended towards lower incident exposures by suitably pre-
exposing or post-exposing. Using this technique an integrated
incident radiation of down to ’10-5 ergs/cm.2 may be detected

with Royal~X emulsion, i.e, when Eé is *1%.

1.4,3 The phoﬁoemissive surface

The photoemissive surface has the immediate advantage of
linearity over the human e¢ye and photographic emulsion., Quantum
efficiencies, £, of up to 35% (mgggggggmy;ﬁh”287o9c tungsten

wo’
light) have been reported(16)

for photoemissive surfaces. Because
of the low dark current produced by the photoemissive surface,
& 107 photoe}ectrons/cm.a/sec for the multialkalio/;athode at
20°C,(17)é; = é£ over an extremely large range of input signal
intensities,i.c. while the signal photocurrent » noise - .
photocurrent. In case 1.1,(3) the noise introduced at the
photoemissive surface by the dark current during a time of
10 mps may be neglected in comparision with the signal.

Provided every signal induced photoelectron could be recorded

without the introduction of spurious noise; a recording systemn,

employing a photoemissive surface as primary radiation detector,
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would have Eé = Eo in the range conmsidered.

The photoemigsive surface is therefore, not only the most
efficient detector in the Qavelength range 1,000-~14,000 ﬂ,
but also the only one to be operative down to incident intensities

10 ergs/cmcac

of 5.10°
Verious types of photoemissive recorder may now be
considered, again noting the requirements of case 1.1.(3).

1,5 Photon recorders employing a photoemissive surface

15,1 The photocell

The photocell is the simplest type of photoemissive device,
The magnitude of an incident radiation may be recorded electrically
from the output current of the photocell. The value of 3; diverges
from 5; as the ineccuracy of measuring the output current,

)

assuming that the anode collects the photocurrent with 100%

efficiency.

1e45.2 The photomultiplier

The photomultiplier extends the range of the photocell down
to incident intensities of 5.107 10 ergs/cm.®. The statistical
fluctuation in the internal electron multiplication causes é;
to diverge fronm E%. This problem is considered in the next
chapter applied to image intensiiiers.,

1.5.3 The television camera

The television camera differs essentially from the

photomultiplier and the photocell by virtue of its ability to



record two-dimensional photon inforuastion. In all types of
televiaion camera tube,ﬁﬁise ié introduced into the signal cur¥ent
by the processes of internal signal generation and by exter#al
amplifying circuits, The noise limiting performance of various
tubes has been considered by Rose(6>, Fellgett(qz), McGee(18)and

€19),

Jones

(20), of all the commercial television camera

The image orthicon
tubes, has the best response at low levels of incident radiation.
It has a peak equivalent quantum efficiency of £ 4% at an incident
intensity of 1072 ergs/cm.2 (4,000 R radiation) and an 5; of *1%

at 4-‘3’10"5 ergs/cm.a. Its equivalent quantum efficiency has been

expressed by Fellgett(12)%n be
' Ee_é‘oqm

/B -~
Where, é; is the quantum efficiency of the photozathode
« is the fraction of emitted photoeclcctrons crossing the
target mesh.,
m is the number of electrons generated at the target by an
incident photoelectron,
/3:is the reciprocal of the fraction of the incident scanning
beam accepted by the target.
The performance of television systems may be extended to

)

! lower levels of incident illumination using an image intensifier

2 section ahead of a conventional image orthidbn camera in the same

vacuunt envelope. The resulting tube, the intensifier orthicon,



was first constructed by Morton(a1). The performance of

& tube having two stages of cascade amplification has been
' (

described by Morton and Ruedy 22,

The internal current gain of 4100 was not sufficient to
enable the observation cf s=ingle photeelecirons emitted from

(aj)using

the photocathode, This has been achieved by Reynolds
a two stage cascade image intensifier ahead of the intensifier
orthicon, having a gain of 5-10.

The perfbrmance of the hybrid intensifier orthicon at these
extremély low light levels may properly be regarded as owing
more to its image intensifier section than its image orthicon
cection., Thus it may be considered zs an image intensifier for

the purposes of this discussion.

1.5.4 .The image intensifier

In its simplest form the image intensifier consists of =
semi~transparent photccathode and a parallel phosphor screen in
the séme vacuum, The ideal simple image intensifier comprises
a perfectly uniform photocathode, a perfectly uniform output
phosphor scrcen and a perfect electron optical focusing systenm,
i.e. no geometrical resolution would be lost in image transmission.
Fellgett(13)has expressed the equivalent quantum.efficiency of an
ideal simple image tube thus

E, - 0
> T T+ 1/a .
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Where 5; is the quantum efficiency of the photocathode and
m ig the number of photons produced by a single photoelectron

(2k)

at the phosphor screen, Mandel has shown that m can be as

large as 1,300. Therefore
€ =&
However, for permanent recording a secondary detector is
required.
This is usally & photographic emulsion which has an equivalent
quantum efficiency oi‘Ee" The overall performance of the combined

system is then

o

¢ 7 +1/mq£d

Where X is the fraction of the emitted photons from the phosphor
screen arriving at the secondary detector., If the full quantunm
efficiency of the photoemissive surface is to be realised then
m Ee,ﬁt» 1. The guantity mfef( is the number of grains made
developable by a single photoelectron,

Practical realisation of the condition m Ce’x 210 requirey
the further development of the simple image intensifier. Such
developments are considered in detail in the next chapter,

The theoretical values ofcfe indicated above are for the
case of an ideal image intensifying system, However, the
inhomogeneities in the elements of the image tube limit the

resolution of the image intensifier, These inhomogeneities
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Chapter 2 The performance of existing image intensifiers

2.1 Practical requirements of an image intensifier

The number of photons produced by an event of the type
described in 1.1.(3) is extremely small., It is important therefore,
to choose an image intensifier recording system capable of

)

separately recording the highest possible number of available

| photoelectrons.

The value of the equivalent quantum efficiency E;, for each
type of intensifier exactly describes this requirement., In all
cases E; may approach.Es,the quantum efficiency of the primary
photocathode, but never exceed it. Therefore & photocathode of
the highest possible quantum efficiency is required.

In this application high storage capacity is not an important
parameter, or contrast detectivity, because of the small number
of photons., As few spurious events as possible must be introduced
by the iatensifiers,

The most important image intensifiers will now be described.
Then their performance, with regard to their equivalent gquantum
efficiencies and their efficiencies in detecting photoelectrons,
will be discussed.

2,2 The simple image intensgifier

The physical components of this device responsible for
intensification are the single primary photocathode and the output

phosphor, The electron image, formed at the photoemissive surface,



(2h)

is accelerated and focused cnto the phosyhor. Wandel hzs
calculated the photon gain of such a tube from the values of
cathode efficiency, phosphor efficiency and accelerating

voltage. He discussed the case of an Sb-Cs photocathode

(90 pA/lm. sensitivity) illuminated by a source having the

gsame spectral distribution as sunlight. The output phosphor
considered is an aluminium backed ZnS:Ag phosphor having a
conversion efficiency of 20%. The nawiimi light gaih using an
accelerating voltage of 20 XV is 32, If however the illuminating
source has the same spectral distribution as the output phosphor,
the gain is increased to 200, The measured gain in experimental
tubes of this type has been &s high as 100(25)using an
accelerating voltage of 25 XV.

This gain is reduced when pefmanent recording, using a lens
and a photographic emulsion, is required. In the case where two
F/1 lens are used in combination at unity magnification, the
proportion of light transmitted from the output phosphor to
emulsion is only 13%. Therefore the original gain of 100 is
reduced to 13.

This reduction in gain may be almost entirely eliminated by
placing the photographic emulsion in direct contact with a thin
vacuum tight membrane onto which the output phosphor has been

(25)

deposited(as) (27). In an experimental tube using an end

window of mica, 12-15 u thick and ~ 25 mws in diameter, a
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photographic gain of 100 with s rescluticn of 32 lp/um was
achieved,

If an electron inmpinges upon the output phosphor creating
10° photons, it produces a photon éensity of 2.108 photons/cn.,
on the photographic zmulsion. IT is assumed that all the
photons created arrive ait the photographic emulsion and that
the halo of light produced on the emulsicn 7= #£15 1 in dismeter
(corresponding to the 30 lp/mm output resolution). Since Eastman

9

Kodak Royal X emulsion requires 1C” photon/cm. to reach a
photographic density of 1 (log10 units), the tuwbe just fails
to record single photoelectrons,

2.3 The cascade image intensifier

In order to achieve a higher gain several of the simple
intensifiers may »e cascaded in seriecs., The combining of such
sections in a single envelope was first suggested by scieantists
at Philips Gloeilampenfabrieken(28)in 1928. The phosphor of
one stage being deposited on one side of a thin membrane, usually
glass or mica, and the photocathode of the next estage being
depositad on the other side. To ensure the highest possible
efficiency in each stage the spectral distribution of phogphor
snd photocathode must be maitched as closely as possible. The
most efficient combination available appears %o be that of the
tri—alkaliﬁwphotocathode matched with the ZnS:Ag phosphor.

Multistage tubes of this type have been produced by several



22

workers(29’30’31’32°53’34’35). O these.lhe device made by
Zavoisgkii et.al. was the first to have sufficient gain td enable
the photographic recording of single photoelectrons. The
resolution of the cascade tube is limited by the combined thickness
of the phosphor scirzen and membrane, the diameter of the phosphor
particles, the elzctron-optics and the number of stages., Since

the number of stages limits the resolution, &s few stages as
possible must be used, provided adequate gain can be achieved.

The high veoltages needed on each stage to achieve adequaée gain,
produces problems of background noise,

McGee and others at Imperial College have developed a three-
stage cascade tube having a blue light (Wratten &47B fitter) gain
of 105 at an applied overall voltage of 47 XV. The average
spurious noise in a cascade tube of this type is =¥1000 ouiput
scintillations/cma/sec, the lOWest‘=13OO/cm2/SGC. The maximum
currently obtainable resolution is =723 1lp/mm acréss of useful
) (36)

diameter of 38 wms

2.4 The transmission secondary emission intensifier

The use as a multiplying element, of a material transmitting
secondary electrons, was first suggested by Orvin(;7)in 1934,
Electrons emitted by the photocathode are accelerated and focused
onto thé\thin mﬁitiplying film, The secondary electrons transmitted
are further accelerated and focused onto another film, and so on,

until adequate multiplication has been achieved. The final output
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is taken from a phosphor screen.

Several tubes of this type have been reported(38’39’4o‘41’42)
Wachtel(sg)has achieved an electron gain of 1,500 using six
multiplying KC1 films. The multiplying dynode consists of a
5008 thick XC1 film, deposited on & 1508 thick Al layer to provide
a conductive backing. These layers are given mechanical support
by a nickel mesh of 50% open area. It was found that the secondary
emission pf KC1 decreased under clectron bonbardment, but BaF2
‘proved»to be much better in this respect. A four stage tube having
BaF2 as secondary emitter was made having an electron gain of
2,450, The photon gein was 10,000 with a 15 pA/Im photocathode
and 15 K.V, on the phosphor stage.

The first really satisfactory T.S.E. tube was produced by
Wilcoék et.al.(4o). It has sufficient gain to enable single
photoelectrons to be recorded. The use of a transparent supporting
membrane removed the Moire fringe type of pattern produced by the
series of supporting meshes. The multiplying dynodes congisted of
a éboﬂ thick layer of KC1 and a 2008 thick layer of Al on a supporting
£ilm of A1,05 of 4508 thicknesss Tubes having five such dynodes
had an electron gain of 3,500 and a blue light gain of £:1O5
with & photocathode sensitivity of 20 nA/lm. The resolution was

1) age by 20th Century Electronics

initially 15 1p/mm. Later tubes
in which the dynode sﬁacing was halved and the magnetic field

doubled, have a resolution of 30 lp/mm. The usual spurious noise
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produced in a tube of this type is 100~500 output scintillations/

cmz/sec; the lowest ﬁ:1O/cm?/sec(h3)

» Recently a tube cvonstructed
by the English Electric Co. has been operated r rtially cucloscdg
together with its potential divider chain, in transformsr
insulating oil. Geometrical resolutions of up to 50 1ip/mm have

(%)

been achieved using this technique.

One important parameter of this type af tube is the mean
number of transmitted secondaries produced@ by the secondary emitter
per incident primary electron, The value of this parameter for
Ba.F2 and KC1 films is in the range 5~8. For many reasons it is
desirable to increase the value of this parameter. If it is larger
the total number of dynodes required to produce & given gain may be
reduced. _This results in an improvement in resolution, and reduces
the voltage required for the same gain. The most important
improvement is that the probability of an incident electron producing
not one transmitted secondary electron is lessened. Also the
spread in scintillation intensities at the output phosphor is

(45)

reduced, Goetze has reported a new type of transmission secondary
electron process, in which this parameter has a Qalue of 50-100,
using large internal electric fields on thin insulating films.

It is hoped that o series of such films having all these desirable

characteristics will produce a more satisfactory T.S.E., tube.

2.5 The channelled secondary emission intensifier

(AG)in

The channelled image intensifier was proposed by McGee
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1952. In this device photoelectrons liderated from the photocathode
are accelerated and focused onto 2 set of independent channels, in
which secondary emlssion occurs. The secondary electrons produced
are then accelerated and focused onto a further set of channels,
carefully aligned to minimize the number of electrons straying
from one channel to another. Using several stages sufficient gain
can be achieved toc enable the recording of single photoelectrons.
The light output is taken from a phosphor screen., The resolution
is dependent on the dynode structure, since brightness variations
smaller than a single channel diameter will not be distinguishable.
It is independent, however, of the number of dynodes and therefore
the gains used.

Satisfactory secondary emission yields occur at primary
electron energies of only a few hundred volts, so that a potential
of a few kilovolts is sufficient te produce the required electron
gain, This is in contrast with the tens of kilovolts required
for thevintensifiers described in sections 2.3 and 2.4, Also
since the electron optical focusing of the tube is entirely
electrastatic, no focusing solenoids are required.

(47)

Burns and Neumann have used a channel system of trapezoidal

cross section, in which magnesium oxide was uscd as secondary
emitter,

(48,49)

Work at Imperial,College has used a dynode structure

consisting of a set of short cylinders, their ends sliced at 55°
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to their axes. Mg0, SbGs3 and KC1 were used as secondary emitters,
A ten stage tube was made having an electron gain of =2 104 at
530V/stage, using KC1. The limiting resolution was 0.5 lp/mm,

It was found that about 65% of secondaries produced reaéhed the

following stage.

2.6 Electronographic image intensifiers

.In this type of intensifier photoelectrons liberated from the
photoemissive detector are accelerated and focused onto an electron
sensitive emulsion., Photoelectrons are recorded as individual
events, sinc; ecach one may produce a large number of developable
grains. This system‘therefore provides a valuable gain over direct
photogr#phy. In certain applications, such as astronomy, the
storage capacity_of;information is an important consideration.
Since electron sensitive emulsions contain much finer grains than
ordinary photographic emulsions, their capaéity is much greater.
Their fog level is an order of magnitude less (1°g1ODfog = *02)
and their response considerably more linear.

Several image iptensifiers using this principle have been
developed, |

2.6,1 ILallemand's electronographic image intensifier
(50,51,52,53,54)

~Lallemand and kis collaborators have developed
a continuously pumped tube in which both the photocathode and
electronographic emulsion are in the same vacuum compartment.

The electron optical focusing system is entirely electrostatic,



The overiding problem which had t> be overcome was the poisoring
of the photocathode, which resulted in it losing sensitivity, due
to organic vapours evolved from the emulsion, A1 exposure of
many hours can now be obtained by refrigerating the emulsion,
which greatly rednces the liberation of vapours, and by refrigerating
the phcotocathode, which makes it less reactive with the vapours,
A titanium ion pump is employed to remove residual gas. A mechanical
plate changer is incorporated to enable several exposures fo be
taken with the same photocathodes; A demountable vacuum system is
used, in order that the plates may be removed. A prefabricated
cathode is supplied for each fresh sequence of exposures.

Gains of up to 100 in exposure time over unaided photography
have been claimed, with & resolution of 70 lp/mm.

2.6.2 Barrier membrane image intensifiers

The greatest drawback of the Lallemand device is that because
of its demountable nature it has to be prepared for each new
operation, Several workersi55’56‘57’58)have used a thin membrane
to separate the compartment containing the photocathode fromAthat
conteining the emulsion, The membrane is made as thin as possible
in order that it can be highly transparent to electrons while
isolating the emulsion vapours from the photocathcde, The emulsion
is placed as close to the membrane as possible, in order that

resolution is not degraded because of electron scatter after

transmission. The emulgion is removed from the compartment after
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- exposures, & moveable shutter being empioyed to protect the thin
membrane from the atmospheric pressure,
In general this type of tube has not proved satisfactory,

although development is in progress.

2,6.3 The Lenard window image intensifier

This device, although electronographic in operation, is
essentially different from the two previously described types in
that it is a completely sealed-off tube, The tube may be used,
throughout its life, without having to be prepared for each exposure,
which is a -great saving in time, The thin membrane used is made of
mica, and is constructed to withstand atmospheric presaure(sg' 60).
Early tubes had a mica thickness of 6=8n and an area of 05 cm by
2+0 cm., Photoclectrons are accelerated to 50 KV and focused on this
membrane, against which the emulsion is tightly pressed. About 75%
of the original photoelectrons pass through the mica window and
strike the emulsion. Nuclear stripping emulsions are used, held
on a curved surface which matches the curvature of the mica window,
Using windows of 4-5u thickness, resolutions of up to 90 lp/mm have
(61)

been achieved

2.7 The eguivalent quantum efficiencies of image intensifiers

2.7.1 The simple image intensifier

It has been noted in section 1.5(c) that the quantum efficiency

of the ideal simple image intensifier éé was given by
£ 2
¢ 1+1/m.
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Since m is large €é= E; down to the smallest light levels., However,
for the recording of an electror image, an image intensifier needs
an optiecal coupling system and a photographic emulsion. The é; for

the recording system is then

.

1+1/mec e,

Although it has been seen that the photoemissive effect is linear with
decreasing intensity of illumination, the photographlic effect is

bighly non linear. At the intensitiecs under immediate consideration

10

i.e. 5.10° ergs/cmz, E;,is zero, and therefore E% tends to zero,

If electronic gain is introduced into the simple image intensifier,
e.g. those intensifiers described in sections 2.3, 2.4 and 2.5, the
value of m is increased by this factor. Since the inteénsity of
illumination at the emulsion is also increased by this factor, the
value of &é is now finite, Usually the value of this increase is
arranged to be sufficiently large so that the factor 1/m6§5é may de
neglected and &, tends to ég.

In practice however, the electron gain is subject to a
statistical fluctuation, which decreases the value of the signal to
noise ratio at the output of the multistage image intensifier. This
results in a decrease in the value of Eé of the image intensifier.
2,7,2 The cascade image intensifier

Mande1%2)

Kas celculated the mean squared deviation in the

number of photons produced at the output of a cascade image
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intensifier, In order to calculate this he used general formulae
for thé fluctuation in the number of particles in an interaction.
If a primarypoarticle gives rise to ) secondaries, where A is &
stochastic variate, n incident particles making independent

interactions will give rise to n secondaries, such that

Ve ;

n

=

and L\Z}z =

>R

Aln + 502N

A bar is used to denate thé average, and the mign /A denotes the
deviation from the mean, Theése relations hold for any probability
distribution,

Let thetre be I photons Ynucident upon the primary photocathode
of 8 cascade ifage 4intensifier having r stages, each of gain G.

~ .
The total numher,<?;¢phbtohs produced at the output phosphor, is

given by
’.If’\ . “"P
N = n~Gr
Mandel 62 guove 'dkfhat
. A . 1 - “‘5
Ly = w62 L Ly
o i'\‘G”"‘-.;"

ﬁhereQQO is the quantum efficiency of the primary photocethode.

‘However, ‘these values must be ‘corrected ‘to take into account

‘those primary photoelectrons Lost in collision with a gas molecule,
‘captured by ‘a ‘mesh while passing through it ‘and those whose
‘probability of appearing as an output ‘scintillation is-zero. Let

‘the fraction of primary photoelectrons which -do ‘appedr ‘as an -output
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scintillations be denoted by'EH. & and C&ZN thus becone,

o —=T
€1nG

=
]

> a0 e (1)

.y “e (2)

{ _ ]
ir e e
¢

It was noted in section 1.3 that the equivalent quantum

efficiency was defined as

c R
€= i

If only the image tube is considered, E; is the equivalent

quantum efficiency of the intensifier and may be denoted by

-

“e(intensifier)’® 5
=2 2 =221
R = Nr .’E,Ina go _E E- <—-1>
N & s (B :
G=1
=2 -2
R1 = —-n—--o-: g——— = ﬁ
f\é- n
AN '
since the input photons obey Poissonian distribution(1>.
o e £ (G
Therefore Ee (intensifier) ~ 81 Eo ( g—') (3)

In pure cascade tubes 61 2 1, since there are no meshes and
molecule-electron collision is negligible. The probability that an
electron gives no output scintillation, due to statistical

fluctuations in the electron multiplication (G) at the first stage,
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“B is very small since G = 100. Electrons may also be lost because

\f they impznge upon "pinholes" in the first phosphor screen, In the

4,.

best case, obtained when using settled phosphor (¢10n) of 2 ug/cm ’
81 can be 98%(63 ) However, using fine grained phosphor ( <3n)
deposited by cataphoresis the electron losa is entirely negligible

i.e. 3.10 %. Under these conditions

iyl

é;e(inten51f1er)£k o

The value of E% derived here, describes an ideal cascade image
intensifier, in that it is assumed that perfectly uniform phosgphor
screens are present. In practical devices, the graininess of the
phosphor screen produces the overwhelming component of the output
noise fluctuations. If the phosphor screens can be improved, for
example by using evaporated phosphors, the value of E; derived may
be approached,

The cascade image intensifier by itself does not record
information. A complete recording system consists of an intensifier,
an optical coupling system and a photographic emulsion (fig.1 (a) ).
Let & be the collecting efficiency of the lens, and 5; the quantum

efficiency of the emulsion.

The number (¥) of photons arriving at the emulsion is

RS L &)
and L@: ‘S:EE;T:- + ﬁrs (1-&) .e P »e (5)

The number of dévelopable grain produced in the emulsion by T is P,
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where f’e?‘ée,
. .e L) ° e (6)

LR J e® (7)

The equivalent quantum efficiency of the recording system may be

denoted by Ee where

(system)
E( )_;é/agp_ 51 Eo
e(system) ~ .2 . - =

) LN R )

G~1

n

Gr

6

Since 50 2 1, 0201 and GT210° the term 50(5-9- 1)/6" may be

neglected.

.
i

FE (8

e(system) = 1 o\ g

Therefore E

[ S

.o . (8)

Comparing eqns. (3) and (8)

Ee (intensifier) = Ee (system)
The performance of the recording system is therefore almost

wholly dependent on the performance of the image intensifier.
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2e7.3 The transmission secondary emission image intensifier

Let there be n photons incident on the photocathode, whose

quantum efficiency is Eo’ producing 9 photoelectrons (fig.1 (b) ).

Therefore 6=n £°
and A?:; = E-i E:’i + 3 Li-éo
Since the probability distrihutibns p( 50) of é; iz of the form
p(1) = Eo.
p(0) = 1= 50,

so that Ez:o = 60 (1= SQ)
thus N = éiﬁ + B 50(1- éo)

0
=1
™

This is indicative of the fact that the statistics of the

photo effect may be described by Poissonian distribution, This has
(64) ;

been shown by Sauter

Introducing the factor 51, having the same probability

e+ s

'\ / distribution as 50, the number of photoelectrons to be multiplied
i A e e e e i Tt e
|

is & vhere—
3 K = 619=n1£1£o
| ~ D ~
and Aad,= 515

I It has been shown experimentally that electron multiplication
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follows oxponential distribution('>), Let the electron gain be ¥,
so that the number of electrons arriving at the output phosphor

screen is given by @ where,

pxk.5 EE ¥
and N - B A+ N2Y
P AP, eines 75 P
-2 8
283 5-15:0

@ electrons incident upon the phosphor screen of quantum yield/s

give rise to N photons, where

n-gp =i E,E 8RB o

and £:§§ =/§2 K;ZB + ; f:?ﬁ

Mandel(62)has suggested that it is unlikely that the distribution
of 3 departs very greatly from the Poissonian form, so that

Zggé = K/3, where K is a constant of order unity to allow for the

departure from Poisson form.

= men Mm% € .1 EE ERp

.e (10)



37

3 (40)

Since § & 107 for a T.S.E. tube and /3 &= ’105 for & typical

phosphor screen(zl*),ﬁ ¥y K., |

Therefore AZN = Z/SZX,'Z b 51 Eo

. =2 "25’2 82 52
= 1)
Now R = %N: = - j ° - ﬁ_.
2 w2 =
PANE] Zﬁ 5 n<€1 Eo
and R, = n
Thus R : g 5o
e(intengifier) ~ ﬁ; 2

. L ] .0 (11)
It has been established experimentaflly by Davison and Sephton

at Imperial College that the value of 51 o4 for a T.S5.E, tube.

£
L o]
Therefore ge(intensifier) -5

It is readily seen from the ahove considerations that if the
transmission secondary ¢lectron ylelds could be increased the
nultiplying statistics of the tube would be improved and values of
E; approaching Es would be achieved. A c¢complete recording system
(fig.1 (v) ) has a lens and an emulsion in additiom to the T.S.E.
tube.

It may be shown, by following the samé proceedure described in
section 2.7,2, that the number of developable grains produced by an

incident signal n is P, From eqns. (9), (4) ana (6)
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P=n €& ¥BS

From eqns. (10), (5) and {7), if it is assumed that K = 1

1 "o
“y =5
PT/AP
Now E:e(system) -5 5
n /£§.n
~ 7
- — —

since B =107, § =107, § Z 1072 € =1072 to 1072,
1/ﬁ o £1077 to 10
£ -.f:é.......‘ $°
e(eysten) = T3 : (12)

Again, considering eqns. (11) and (12), it is seen thet the
performance of the recording system is .most dependent on the

intensifier.

2.7s4% The channelled secondary emission intensifier

There is a certain amcunt of controversy over the exact nature
of the multiplying distribution found in this type of tube. Several
workers<65’66)have reported an exponential pulse height distribution
at the output, for single input electrons. The eéquivalert gquantum

efficiency would then exactly follow that caleulated in 2587.3 i.e.

21&'

e?(xntensmfler} 2



39

(67,68)

It hds also been reported that the distribution is not
of Poissonian form and roi quite @5 degraded as in an exponential
distribution. If a factor# is intitduced to allow for departure’

from Poigsonian form then,

: where o {L<1
1—{3)’ ﬁ

No exact evaluation of Ee may be¢ ascertaired, since the values

- £.€,
Ce(intensifier) ~ '('

of £, and /3 are not known. Since Lowever, the secondary emission

1
yield is rather low (a maximun value of 10 for KC].{SQ} €e might be

éxpected to depart strongly from foa

Again, it may be shown that

& 3

e(intensifier) = “e(system)

2.,7.5 Electronographic imege intensifiers

(a) The Lallemand device

Let n photons incident upea the photiocathode nrdduce ©

photoelectrona (fig.1 {c) Ja

0@ =n E?o

and £% =5 &

Let each photoelectron produce p developable grains in the

(o}

electron sensitive emulsion. The total number of recorded eveats,

-

S e >

N, is given by

f=a Eop
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and AN = ;éﬁ 50 + EEQE;_)
If the distribution in the number of developable grains produced by

Ay

single electrons follows Poissonian distribution,N\p = p

Therefore Aﬁ = pn 5:, e+ 1)

: 2N B E G
Ee(system) ° = '

n

B/A%

&,
YD)

If the Lallemand tube is operated with an overall potential of

20KV, p = 7.

Therefore ge =§ éo

{b) The bharrier-mecubrane device

Let n photons be incident upon the photocathode, guantum
efficiency Eo’ providing © photoclectrons (fig.1 (d) ).

e =n €0

and [FO:EE

0

If the fraction of electrons transmitted through the membrane

is, 11 the total number is N, where

s
R -E2 A% .0 A%,
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Let the output distribution in the number of transmitted electrons

deviate from Poisgonian by a faetor X i.e.

Aéf‘,] = Kg,: where K> 1
L —uad ) =ip -
Thus On =3 € &, (51 + K)

Let each photoelectron produce P developable grains in the electron

sensitive emulsion. The total number, €, of recorded events is given

by
G=5F§
and m=?ﬁ+ﬁ&

If&z; = p, i.e. the distribution 6f developadle grains follows a

Possonian distribution, then ' 7

Now

€1+1:+1/1'5

(¢} The Lenard window device

This is an exactly analogous case, mathematically, to {b)

Therefore E = 51'80
ere e(system) ~ =

€1+K+1/§




P

ha

In the bect possible case, using an infinitesimslly thin mica

window, all the photoelectrons are transmitted with uniform energies

i.e. E} = 1 and K = 0. Vnder these conditions
&
1+1/%

It has also been assumed that no photoclectron reaches the

Oy

o(system) ~

electronographic emulsion with so little energy that its record is
indistinguishable from the fog level., The latter assumption is
valid because the fog level of an electronographic emulsion is so
low i.e, 02 Log10 units.

Wheeler 70 found that 51 = «7 for a mica of 8 p thicknesd,

If it is assumed that the outpuf dis¥ribution in the number of

transmitted electrons is Poissonian i.e. K = 1, and that the mean

number, p, of grains produced by a photoelectron is 7; then

- 4o 3
8e = 129 ‘80

2.8 The recording efficiency of image intensifiex systems

The equivalent quantum efficiency of an image intensifier is a
quantity which could be determined by experiment; being the ratio of
the output to input signal to noise ratios. One of the parameters of
the image intensifier which may be extracted from ée is the efficiency
of recording a single photoelectron,-é;.

It is Er and not ge which is most generally experimentally

measured, and is of direct concern in this thesis.
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- - [ - -~
- ~

€r is the product of two factors i.e. E, =E1 ":‘2 where &

r 9

has been dewcribed %n section 2.7.2.

<§é is dépepﬂent on the smplitude distribution of the output
pulses. A phot;;i;ééron is not recorded in each case éﬁgfevéhe‘
amplitude of the output pulse is less than the discrimination level
chosen for the c¢utting off of noise in the recorder. In the case

of a photographic emulsion the discrimination is determined by the

fog level. & is the fractiom of photoelectrons recorded above the

2
fog level.

—

f?r is usually determined by counting the number of events
recorded due to a given primary photoelectric current. é§1 may be
determined by making use of a recording device such as a high=-gain,
low~-noise photomultiplier in which the discrimination level can be

reduced to achieve 5} = 1,

Fleisher(71)has described a method of determining experimentally

5?1 andffz without meamuring small fluxes of particles. He showed
that

&, =K&/
where & is the coefficient of secondory emission at the first dynode,
K is the aver=mge amplitude at the output when only one electron is
emitted from the first dynode and v is the average amplitude at the
output,

/v

- L'
Aiso & e 4" here Va is the discrimination level.



-vd/v

Ko,

v

Thus E:r =

2.8.1 The single-stage image intensifier

This may be considered as the first stage of a cascade image
intensifier, In this case, as was shown in section 2.7.2, €H =1

Let a single-stage tube be illuminated by light of wavelength

4800 £ i.e. each photon has an energy & 4,107 02 ergs. The output

energy at the phosphor screen due to a single photoelectron is h.1o’4
ergs/cma, if the tube has a gain of 100 and a resolution of 50 lp/mm.
An optical system of 10% efficiency; used at 1:1 magnification, would

then deliver an energy of ’+.10"5 ergs/cm2 onto & photographic emulsion.

Since this is well below the fog level of a photographic emulsion,

£2=Oo

Therefore Er = 0.

2,8.,2 The cascade image intensifier

The value of‘é; has been experimentally measured‘by Reynolds
(72773)for an R.C.A. three stage cascade tube type C?73491C, A weak
light was shone onto the photocathode and the photocurrent was
measured. The intensity of the illumination was then reduced by a
large known factor and photographs were taken. The number of spots

recorded were counted, From these measurements Er was found to vary

-

linearly with the voltage applied to the tube. €r 2 5% and 85% at
10KV and 55KV respectively., At high overall voltage, the gain in

each stage is high and 51 24, Therefore 52 Z .85, the loss of
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information being largely due to the fact that 15% of the output
pulses are recorded below the emulsion fog level. At the lowest
applied voltage while éa falls, E,] must also depart appreciably from
unity.

2.8.3 The transmitted secondary emission intensifier

The value of ér has been measured by several groups at
Imperial College, Binnie et.al.(71+)have estimated the value of ér
in two different experiments., In the first; tracks of minimum
ionizing particles were recorded in Na I(Th), Cs 1'2, plastic and
glass scintillators using a 20th Century Electronics tube with a
20 pA/Lm cathode and an English Electric tube with a trialkali
cathode of 100 pA/ILm. By comparing the number of spots/cm of track
calculated to that actually obtained an estimate of ér was obtained,
It was found that «25 <é:r £ «5, In a second experiment, counting
the spots photographed forming a Cerenkov ring to that calculated,
a more accurate value of ér £ 30% was obtained, This latter value
of ér is for the English Electric tube only.

(75)

Sephton and Davison have counted the number of output

scintillations due to a given photocurrent, using a photomultiplier

and a photographic emulsion, It may be assumed that when a

vhotomultiplier is used 52 =1, therefore Er ='_~€1. In this case it
was found that & 4 = *%. This means that 60% of the signal information

is lost inside the image intensifier, Using a photographic emulsion

Er 2 .3, From these two measurements it is seen that 52 L .75,
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(76)

Todkill has found, using a single stage tube, that 50% of

the primary photoelectrons gave no secondary clectrons at all at

the dynode i.e. in a single stage tube 51 = o5,

2.8.4 The channelled secondary emission intensifier

No measurement has been made of gr for this type of image
intensifier. The mean deviation in the distribution of output
scintillation intensities is intermediate between that described by
assuming a Poissonian distribution and an exponential distribution.
The coefficient of secondary emission at a dynode is approximately
half that for a T.S.E. dynode. It may be assumed therefore that
‘ér for a channelled secondary emission intensifier is less than that
of a T.S.E. tube.

2.8.5 Electronographic image intensifiers

(a) The Lallemand device

Since almost every photoelectron is recorded 6; =1,

(v) The barrier membrane device and the Lenard window tubg

In both types the value of&1 departs from unity because of the

fraction of electrons lost in the membrane.,

In the Lenard window tube é y < 47, Although there is an
appreciable spread in the energies of the electrons transmitted
through the mica window, only a few percent are not recorded because

of this distribution., This is due to the fact that the fog level

i.e. the discrimination level in an electron sensitive emulsion is

extremely low.
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Therefore 52 <,

i

.r,\-" N
Hence r -51 -7

2.9 Spurious noise in image intensifiers

When a limited number of photoelecirons are available for
recording, the most troublesome noise is from spurious ontput events
equalling in intensity, or effect, many photoelectron output events,
This noise seems to originate at the photocathode and is probably
due to pbsiﬁive‘iqns,,fqrmed‘by photoelectrons colliding with free
&olecules‘being accelerated tcwarﬁs ﬁhé photocathode an& ejebiing
10-20 electrons.

In a multistage image intensifier this noise figure could be
several hundred scintillations/cma/secz In a'photographic eZposure
of several milliseconds, in order that the total light output from a
10 cm2 P11l phosphor may be integrated, the noise may be of the order
10 scintillations. In extreme cases this noise could equal the total
number of signal scintillations. When an image intensifier is used
for high speed photogfaphy, and an electrostatic shutter is
incorporated in the primary photocathode stage to provide gating
pulses of nano-second duration, this noise is in effect eliminated.
Using a T.S.E, tube with full applied voltage, Sephton(43)found that
if the photocathode were "turned off" by applying a negative bias to

the first accelerating annular ring, exposures of up to 10 seconds

could be taken without bright scintillation nolse appearing.
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Catchpole(Bs)has had similar experience using a cascade image
intensifier., If noise criginates at the second photocathode of a
three stage cascade intenslfler, ite output intensity is prOportlonal
to the gain in the 1ast two stages only, whlch is a factor of &
100 less than the overall gain., This noise may be greatly reduced
when a tube is used for high-speed photography by incorporating an
electronic shutter of millisecond duration in the last stage to
operate in conjunction with the shutter zt the primary photocathode.
Some of the spurious noise, produced at the output of a T.S.E.
tube is due to the amplification of penetrating primary electroms.
A penetrating primary electron is anbitracsily defined as an electron

emitted from a dynode with an energy of 50 e-V. These "fast"
(76)

electrons are not focused at the next dynode. Todkill has found

that == 10% of the total number of signal scintillations at the
output lie outside the image area. This signal induced background
is due to penctrating primaries. In a cascade tube the multiplying
sandwich nmembranes are sufficiently thick, 5 n, to prevent the
penetration of primary electrons accelerated to the normal stage
voltage of 15KV.

Electronographic devices have been constructed with very low
internal noige., An electron sensitive emulsion has been exposed for
- 5-hours in conjunction with a Lenard window tube, operated at full
applied potential without the background noise produced by the device

becoming distinguishable from the fog level of the emulsion, which is
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log1OD = +02., The photocathode dark current is negligible at the
very short exposure times required.

2+10 The choice of image intensifier

The most important parameter in the choice of an image
intensifier, Which has to recofd a very small number of photoelectrons
is«E;.

The Lallemand electronographic device has the highest vaiue of
all the image intensifiers reviewed here., It has, however, many
disagvantages in use arising from its demountable nature, Ms&ny hours
of preparation are needed before it may be operated.

The barrier membrane device sufférs from the sgano disadvantages
of semi-demountable operation.

The Lenard window tube has the advantage of being completely
sealed off. The value offir for the Lenard window in the best tube
case measured, is *7, which is lower than the best measured value of
égk-Ss for a multistage cascade tube., In both cases the value of
ér given is a mean value. The resolution of the Lénard window device
is 80-%0 1p/mm, whereas the best multistage tube has a resolution of
20-25 1p/mm, In both cases the number of picture points available is
ﬂ=5.106 gince the diameter of information channel of a multistage tube
iz 40 mms and the gencrally useful area of the Lenard window is 1 cma.

Of the multistage image intensifiers, the cascade tube has the

highest measured value of<£r,namely +85, 1Its performance indicated

by the value of 50 is generally better than either the T.S,E. tube
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or the channelled image intensifier. The swmaller nmean deviation in
the distribution of the output scintillation intensities results in
a more uniform distribution of the diameters of photographically
recorded scintillations. Greater acecurecy of measurement is therefore
achieved.

The cascade image intensifier has been shown to be the most
suitable image intensifier for general application in case 1.1.(3).
It has adegquate gain and resolution and also a high value of recording
efficiency. In this application its quite high backgrourd noise dces
not limit ‘s performance. The phosphor screen output is more

R 31

versatile than an electron output and permits the use of known optical

recording techniques,



Chapter 3 The development and use of electron optical

devices for high speed photography

3.1 The use of infra-red image converterg as light shutters

Infra-red image converters were developed just belore and
during the Second World War for military use in night observation,
A photocathode which is sensitive to infra-red radiation was used
as detector, the output being observed as visible light from a

phosphor screen.

(77)

In England the E.M.I., type CVih4 image converter consisted

of a photocathode and phosgphor screen Smms. apart in a vacuum

envelope. No special electrostatic focusing system was empioyed,
resolutions of 350 lines/inch being obtained by applying an accelerating
voltage of 3 to 10KV. The German A.E.G. Bildwender tube'’0)and the
American R.C.A. IP25(?9)gave similar performance, their more

elaborate electrostatically focusing systems taking longer to

develnp,. The latter two tubes were more useful as high speed

shutters. Their higher accelerating voltage (15 to 20KV) producing

a brighter output image and their internal electrodes enabled

switching at lower voltages.

(80’81)in 1949 was the first worker to suggest

Courtney~Pratt
the use of image converters for high speed photography. In his early
experiments he used the A,E.G. Bildwnander tube to study the
detonation of lead azide. He demonstrated the three types of

operation of which an electron optical device is capable.



52

(1) B8treak or smear photography, in which a point or line electron
image is deflected across the output phosphor to observe its
variation with time. A set of external magnetic coils were uéed

to obtain a deflection of'the electron beam of = 2,000 m/sec on the
output phosphor.

(2) Single frame photography, in which an internal electrode is
electrically pulsed to permit the electron beam to reach the output
phosphor, Another frame may not be taken until the first image has
decayed to negligible intensity on the output phosphor,

(3) Multiple frame photography, in which a series of sequential
images are displayed on separate areas of the phosphor screen.
Courtney~Pratt obtained a sequence.of nine images, having a frame

time and interval of &1 msec, using phased magnetic deflection

fields.

s ]
The R.C.A. IP25 was used by Marksteince”)

stroboscopically to

observe periodic flow disturbances in the infra-red radiation from
flame gases. H0gan(83)has also used this tube stroboscopically up
to several thousand cycles/sec., and has obtained single frames of

duration 2 usec.

2.2 The use of television cemeras as light shutters

About the same time that Courtney-Pratt suggested using the

| 4

infra-red converters for high speed photography, Saxe and Prime(8 )
suggested using a television camera for the same purpose. Prime

and Turnock(85)experimentally investigated thése suggestions using
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the Emitron television camera., It was proposed that charge images
be prevented from forming on the photoemissive mosaic surface by
applying a retarding electric field large enough to prevent electron
emission. In order to do this the final anode (collecting ring)

was biased to 100 volts negative from its normal earth potential.

An electrical pulse of 150 volis positive was applied to the anode
to obtain saturated photoemission. It was found that the mosaic
5till retained approximately 1/25th of its sensitivity when "biased
offt', There was some image spreading due to charge ieakage. It was
felt that the Orthicon and Image Orthicon would be more satisfactory
in these respects. Devaux<86)found that it was impossible to make
use of a Vidicon tube as a high speed shutter owing to the excessive
inertia of the sensitive layer.

%,% Simple image intensifiers developed as light shutters

The first image intensifier to be specially designed for high
speed photography was the ME1200-ME1201 type of tube made by Mullards
Ltd.(g?’sa) It consisted of a photocathode, a cylindrical
accelerating electrode and an output phosphor, The photocathode
used was either Sb~Cs or Ag-0-Cs of 25mm diameter. Since most light
sources are in the 4,200 R region of the spectrum, the Sb-Cs
vhotocathode is generally more useful than the Ag~0-Cs. The
cylindrical electrode enabled entirely electrostatic focusing and
was employed as the gating electrode, The output phosphor was

either Willemite having a decay time of a few msec, or ZnS(Ni killed)
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having a 5 psec decay time. The former allows stroboscopic
operation of £:200 frames/sec, the latter = 200,000 frames/sec.
The overall applied voltage was 6XV, the focusing electrode voltage

3KV. The resolution at the output yhééphor was = 25 1lp/mn.

(Sl)achieved streak pﬁbfbgraphy speeds of up to

60,000 1/sec using the ME1200. Richaras 9

Courtney-Pratt

developéd.eiectrical

circuits in order to operate the ME1201 in the three modes of

(90)

operation described above. Gibson et.,al. have applied gating

pulses of up to 14KV using cosxial pulse shaping lines, of duration

2 100 mus.

Saxe and Chippendale(€1‘92)extended this technique of applying
high voltage pulses by coaxial lines in the photography of spark.
discharges. The spark chamber and the ME1201 AA were enclosed in

a ﬁatched coaxial line system of 13§52 impedance. A large voltage
drop appears across the chamber when the spark occurs. This is
sheped into a square transient by the cable and is applied to the
image tube as a gating pulse. Total exposure times of down toy? npsec

(93) (9

were obtained using this technique. Grover have

and Curzon
prefered to opecrate the ME1201 in diode operation with the grid and
the anode coupled together, It was found that in triode operation,
image rotation and blurring occured, due to the turn off pulse on
the grid, Exposures of down to 10 musec were achieved using a line
pulse circuit having two coaxially constructed thyratrons as a

switch, King and Hett(95)have used the ME1201 tube as a framing
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camera at rates of 2.‘10"+ - 2.106‘frames/sec having 4-8 images in

each output display.
&
In 1957 Linden and Sneil.].(9 )theoretically derived focusing
conditions for both electrostatically and electromagnetically

focusing image intensifiers of triode construction,

Stoudenheimer and Moor at R.C.A.(97)applied these conditions

in the design of an image converter having highly efficient gating
and deflecting grids. The converter has two focusing grids and two
deflecting electrodes., A resolution of 22 lp/mm was achieved applying
an overall voltage of 15KV. The tube may be gated on with 17V/KV
and off with 4V/KV at speeds down %to 10 mps. The deflecting voltage
required is 75V/inch/KV. .

Zavoiskii et.al.(ge'gg')started to develope in Russia, from
1949 onwards, a series of high speed shutter tubes. The first was
the PIO-I, having an electrostatically focused triode structure,
Gating pulses of 20KV were applied to obtain exposure times of down
to 100 mpns. A geometrical resolution of 60-70 lns/mm (the translation
from Russian states "strokes/mm", but lp/mm are probably meant) was
achieved. The tubes of type PIM=-3 and PIM-4 incorporated a new type
of shutter., The initial tubes were single-stage devices and entirely
electrostatically focused consisting of a photécathode, the shuttering
electrodes and an output phosphor. The electron beam from the
photocathode is deflected across a small retangular aperture in a

flat plate to obtain a short time resolution. A second pair of
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deflecting plates placed just after the aperture having a deflection
sensgitivity equal and opposite to the first pair, ensures image
immobility during exposure. Two pairs of oscilloscope deflecting
plates, orientated at right angles to each other, are incorporated
to deflect the image of any part of the output phosphor screen.
Screening plates are placed between the deflecting plates to avoid
field interaction between them. The deflector plates of PIM-k
have approximately twice the sensitivity of PIM=-3., The PIM~3 has
an output screen diameter of 70 mms, the PIM-4% a diameter of 140 nms.
The geometrical resolution of 60-70 lng/mm in the ceatre of
the output phosphor falls off to 2/3 this value at the edge., The
exposure time was limited to ﬁk10-ssec. in the early work by the
speed of electronic circuitry. The primary purpose of the
oscilloscope deflecting plates was to produce a series of consecutive

{10¢)

frames spaced round the output phosphor. Komelkov et.al. have

developed electronic circuitry which applies multistep deflecting
pulses to the horizontal and vertical plates of the oscilloscope type
and rectangular pulses to the ghutter plates, The number of frames
in a row and the number of rows were determinsd by the number of

steps of the deflecting pulses, The repetition rate of the camera
was determinsed by the time interval between steps., Exposure was

made at the moment the image stopped., Speeds of up to 5.1O6frames/sec
have been achieved, with exposures as brief as 50 musec, The total

number of frames in a series was 16: The frames size was 5 mm by
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5 mn with geometrical resolution of 30 lns/mm. Nesterikhin and

Komelkov(1og)

have achieved better time regolution and larger fremes
by teking consecutive single pictureé on separate tubes. Several
single-stage PIM-3 tubes were used with no deflector plates. The
econtrol ecircuits needed were simpler and more reliable., Speeds of
3.107 frames/sec were achiaved with exposures of down to 15 mpsec.

(102 138)

Zavoisgkii and Fanchenko have extended the temporal
resolution by operating a PIM-3 or PIM-4 tube in the "electron
optical chronographic mode" described below, This technique may
only be applied to substantially point images, whosc¢ lwilnoun
intensity varies with time, The shutter plates were used to select
an event of dk10"9 sec duration. The oscilloscope deflecting plates

were pulsed to sweep the electron beam round an arc of a circle

approximately egual to the size of the output phosphor. They have

shown theoretically that the minimum time resolvable is £=10"14 sec.
‘ v
In England, Mandel(qu"has developed & photoelectronic shutter

which requires extremely low voltage for its operation. In ite
final form it consists of two metal meshes mounted a few centimeters
from the photocathode in a magnetically focused simple image
intensifier. The first mesh acts as a control grid, whilst the
second acts as an auxiliary electrode. Its introduction increases
the control sensitivity and makes the electron focus less dependent
on the control mesh potential, Shutter tubes, having an off-on

control voltage range of about 3.V and a resolution of 15-18 1p/mm
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were made,

2.4 Multistage image intensifiers incorporating electron

optical shutters

The first image intensifier of high light gain, incorporating
an electron optical shutter was developed in Russia, using the
cascade image intensifier made by Butslov in 1952(105). The first
half of the tube incorporating the PIM=3 or PIM~4 type of shutter
tube wae entirely electrostatically focused, the second half
inéorporating-the intensifier was magnetically focused. The final

(106)have used

output resolution was =10 1lp/mm, Simonov and Kutukov
mismatched coaxial cables to generate the deflection and shutter
pulses, The framing rates achieved ranged from 106/sec to 108/sec.
The exposure times could be made as large as the interframe times,

or as short as 5,’10"9 secs., The step impulses required were of
several kilovolts amplitude, their shapes being within ¢1% of the
theoretical shape to obtain a resolution of 10 1p/mm, The number

of frames in a sequence were 6 to 15, The light gain of the three~
stage intensifier was 8,000,

Huston and Walters(1czbhave produced an exactly similar shutter
to that in the PIM-3 and PIM-4 tubes. The shutter section is to be
incorporated in a image intensifier of the type dcscribed by
Chippendale and Folkes(qog). The shutter has all the characteristics
described for the PIM=3 and PIM~4 tubes. The intensifier consisted

of a self-supporting selenium layer upon which was deposited an
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aluminium signal plate, and an clactron gun which scanned the
selenium target in the vidicon principle. The electron image was
focused upon the target, arriving with sufficient energy to penetrate
the signal platc and to produce bombardment induced conductivity in
the selenium, The charge stored at the target, which was many times
greater than the primary photoelectron charge, was scanned by the
"reading" section of the tube: The tube output was developed across
a load resistance and could be recorded by normal television means.
The threshold detectivity of 50 photoelectrons per image point,

limited thé range of tube operation.

(104

The photoelectric shutter developed by Mandel “has been

incorporated in a T.S.E. image intensifier of the type developed by

WilCOCK et. alo<l'.0)

o The resulting tube had a blue light gain of
£¥105, a geometrical resoiution of =8 lp/mm and a shutter speéd of
nanosecond duration.

When an exposure of 1 psec or longer was required using multistage
image intensifiers many workers have found it convenient to apply
gating pulses to focusing electrédes or whole stages of the image
intensifier. In this case no special photoelectric shutter was
regquired, Emberson(109>has described the operation of a T.S.E. image
intensifier gated by (a) diode switching and (b) ring switching, In
diode switching the focusing annular rings were held at the normal

potential and the photocathode was pulsed on by applying a 2KV

negative pulse. In ring switching, the first annular ring was biased
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to turn the tube off, and was pulsed to 450V to switch the tube on,
The tube was then Operafing in a non-uniform focusing field which
produces slight distortion. However, the lower voltage required in
combination with the lower resigtance and capacity across which the
gating pulse was avpplied, resulted in faster switching, Speeds of
down to 0.1 psec were achieved. In both modes of switching,
geometrical resolutions of ** 10 lp/mm were obtained.

3.5 Physical experiments requiring the use of an image intensifiex

containing an clectron optical shutter

During the last ten years, the development of image intensifiers
capable of recording single photoelectrons along with the possibility
of extremely fast clectron optical shutters has led to the
investigation of phenomena not previously observable. The type of
photon distribuiion in these cases was indiceted in section 1.1.(3).

3.5.1 Experiments with spark geps and vacuum discharges

The first experiments to observe D.C, breakdown across & spark

gap were thoge of Saxe and Chippendale©1” 110)

in 1955 using the
ME1201 image converter., The luminous intensity, produced by the
breakdown in air at atmospheric pressure across a gap 77 cm wide,
was sufficient not to require intensification to be photographically
recorded. The image tube provided an clectron optical shutter of a
few nanoseconds., It was found that the breakdown occurs in two

phases, In the first phase, a diffuse glow completely bridges the

electrode gep. In the second phase, a filamentary channel moves from
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9

the cathode to the anode in 2 3,10 “secs,

The study of the formation of sparks of 10" 1% ecs total
duration in air, N2 and H2 at pressures of up to 20 atmospheres
requires the use of an intensifier having & light gain of 163 to

tl

10" and & temporal  resolution of 107 'sccs. Zavoiskii and

Fanchenko(102’1o3>have used & PIM-3 image tube, operated in the
"electron optical chronographic mode", for this work., Latexr work(111)
has extended this study of the inltial stages of the channel expansion
of o spark to oxygen and deuterium, The maximum rate of current rise
wes £}3.10q2 amps/sec, It was found that the initial expansion is

due to a shock wave which travels, in the case of deuterium, at

7.‘106 cns/sec.

, 11
Zavoiskii and Smolkin (112) have again used electron optical

chronography to investigate the time resolution of a pair of parallel
(113)

plate spark counters, Babkin et, al. have used the same technigue

to measure the time interval between the passage of a cosmic ray
particle through two spark counters. It was found from the
microphotometered photographs of the circular sweeps, that the spread

in the transit times between the two counters for the cosmic rays

was <h110—105é050
(108)

Simonov and Kutukov have studied the low density plasma
produced when a large current is passed through a wire, placed
initially in a vacuum,causing it to give off gas., A PIM-3 converter

having a light gain of 8,000 was used taking a series of frames of
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5.’!0"8 secs duration at intervals of 1077 secs.

23.5.2 Time regsolved spectroscopy

It is of interest to investigatce the variation with time of a
spectral line produced by Fabry-Pérot etalon and a monochromator.
The usui mechanical methods of obtaing spectral line profiles
limit the tempora2l resolution to #?5.10~5 secs, Malyshev et.al.(114)
have used the PIM=3 image converter to obtain resolving times of a
few nsec,

Akhamtov et.al.(115)have used the image sweeping characteristis
of the PIM~3 device to study magnetoacoustic resonances in a cold
plasma, The resonance absorbtion of the energy of the electromagnetic
field at frequences of 125 Mc/s and 50 Mc/s were studied by sweeping
the image of the glow discharge at sweep speeds of usec/cm,

Butslov et.al.(116)

have used an image shaping tube to deliver

& shaped spectrum to the photocathode of the normal PIM-3 shutter
tube. The shaping produced a 70 times compression of the spectral
line height and a 3 times extension in line width by the use of a
quadrupole magnet., The electron density of the spectral lines was
increased 20 times, A resolving time in the usec region was produced

by this method,

3.5.3 The photography of nuclear particles in TLuminescent chambers

The passage of a nuclear particle through a homogeneous
scintillating crystal produces radiation in the visible spectrum.

The particle track can be recorded photographically, if an image
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intensifier, having & blue light gain of ‘lOLIL to 106, is interposed
between the chamber and the camera, The geometry of the single
crystal scintillator is shown in fig. 2(2). The parameters of some
scintillators are given in fig. 2(b). These values were compiled by
Perl and Jones("'!?)u The crystal efficiency shown by N is always
givén for a particle producing a minimum ionizing track. The slower
particles will produce greater numbers of photons, so it is the
worst case that is being considered. The chief advantage of
scintillation chambers is that their time resolution is 10'6 sec or
less, An imege tube can be gated at this speed to record & particle
track, The image is usually stored on an intermediate phosphor
screen until electronic selection can be completed, It canm be scen
from fig., 2(b) that the most attractive scintillator'available is
wnactivated Cs I cooled to 77°K. (;t eppears that the high efficiency
of Cs I, claimed by Perl and Jones, has not been repeated), It does
however, limit the meximum rate of particle flux to 23106 particles/
sec if only sinirle interesting particle tracks are to be recorded.

(118)

It has been shown by Perl and Jones that the number of

photoelectrons, n per cm of image track for unity optical wagnificatio

is given by
o d2

Where E; is the quantum efficilency of #he photocathode, N the

number of light quanta per cm of track, E the lens coupling efficiency
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a‘fhe maximum radius of the circle of tonfusion and d is the crystal
thickness.

The value of a sets the limit on the spatial resolution of the
scintillation chamber, The depth of focus, and thus the uscable
crystal thickness, depends on the F/number of lens used, If there
are R resolution elements in the image intensifier system, it is
important that the cross section dimensions of the crystal be less
than adrﬁ. If this were not the case, there would be more image
elements than the intensifier could transmit., Some parameters of
the scintillation chamber recording system are given in fig. 2(c)
for a Na I and a Plastic scintillator. It can be seen that in the
case of a plastic scintillator, of dimensions 10 x 10 x 3 cms a
minimum ionizing particle would produce 5 photoelectrons/cm of track
length using an ¥F/«8 lens. The track resolution in this case is
¢5 1lp/mm. If under the same conditions Cs I at 77%K were used
125 photoeclectrons/cm of track length would be produced.

(119)

Reynolds and Condon in 1957 manufactured & new type of

lumincescent chamber consisting of a parallel array of plastic
‘filaments. These filaments of «5 to 1 mm in diémeter were placed in
close contact to each other. The ghief advantage of this chamber is
in the use of the plastic material, Its fast decay time. i.e.

(10'8 sec.enables high particle flux rates to be used. High flux
rates coupled with high selectivity enable the investigation of rare

events which are important to substantiate theoretical work.
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The construction of the plastic chamber in filamentary form rather
than as an homogeneous one enables a greater fraction of available
photons produced to reach the photocathode. The various methods of
coupling a chamber to an image tube are shown in figs. 3(a), 3(b)

and 3(c). The lens coupling method shown in fig. 3(a) preservee the
resolution, but 80% of the light is lost in transmission., The chamber
may be directly butted to the face of the image tube, fig. 3(b),
preserving most of the intensity, but degrading the optical resolution.
If a glass fibre face plate is incorporated into the image tube,

fig. 3(c), luminous intensity and resolution can be preserved. Potter

(120)have compared various coupling methods when the tube

and Hopkins
is required to be some distance away from the chamber., One of the
most efficient methods, shown in fig. 4 is to couple the plastic
chamber to the lens by glass fibres. This method is 2.5 times more
efficient than normal lemns coupling.

(121 (122)

Reynolds and Condon

have calculated that the mean number
of photons produced at the end of a single fibre, due to a minimunm
ionizing particle, is 190, In this case the fibre was 10 cms long
and 1 mm in diameter. If the lens coupling efficiency for this
radiation were 10% and the quantum efficiency of the photocathode were
*1, then &2 photoelectrons would be produced per excited fibre.

(123)

Waters et.al, have found that when u mesons crossed 35 filaments,

the mean number of filaments recorded was 13 i.e. a 37% recording

probability,
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In general, under the sanme conditions, the yperformances of the
homogeneous and the filamentary chamber is the same, i.e. image
resolution of <=1 lp/mm and %5 photoelectrons per cm of image track.
The time resolution of the plastic filamentary chamber is ;I1OO times
lower than that of a comparable homogeneoué chamber. The eXperimental
arrangement of the chamber and image intensifier used to record
nuclear tracks is shown in fig. 5, The image of the nuclear track is
focused onto an image tube and is stored on an intermediate phy-~phor
which has a fast decay time. P15, P16 and P24 phosphors having decay
times of 3 psec, +1 nsec and 1+5 usec respectively, have been used,
This time allows a coincidence counter system to trigger a pulse
generator, which can switch on a high gain image intensifiers The
selected event is thus intensified, excluding extraneous events, and
nay be ﬁhotographically recorded.

The first successful application of image intensifiers for the
photography of elLementary jarticle tracks in a luminescent chamber

(30,105).

was made by Zavoiskii et.al. in 1952 They photographed

Ustopping"” and minimum ionizing protons and also cosmic ray btracks
: J

in a Cs I(TL) homogenecus chamber. Also in Russia, Demidov and

(174)

Fanchenko have used the intensifying PIM-~3 tube to photograph

cosmic ravs.

(125)

Butslov et.al. have used four blocks of filamentary
scintillator and three image intensifiers to measure the elastic

scattering at small angles of charged particles.
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In the U.S.A, Reynolds et, alm(119’121)develope& fﬁé plaétic
filamentary chamber. Various arrangements of image intensifier
systems have been used by Reynolds and his group at Princeton
Unlver51ty(126*'2/)to investigate the interactions of both the Zr

and p meson component of cosmic rays. Perl and Jones(128)of Mlc@/gan
University photographed in 1959 cosmic ray p meson tracks 34 a

Na I(T1) chamber, They describe the use of such a chémber to record
nuclear tracks of particles produced by a Bevatron accelerator in
several papers(q:" 130'15®i An image intensifying system essentially
similar to the Mic%}%an arrangement has been used by Hill et,al(132)

at M,I.T. In this case the final output was taken from from a R.C,A.
intensifier orthicon system in conjunction with a Kinescope and camera.
Lande et.al,(Tis)haye elso successfully used a similar scintillation

chamber assembly.

A1l the experiments described above have used image intensifiers
1 1
employing the cascade principle. Goetze et.al.( o 35)at the
Westinghouse Research Laboratories are the only group in the U,.S.A,

to have used T.S.E. image intensifiers. In 1961, they reported the

“. photography of minimum ionizing tracks in Na I(T1l) using two Lbestage

tubes--in cascade,

(13%6)

At Bonn University, Geise and Gildermeister have built a

three-stage cascade intensifier and photographed minimum ionizing

cosmic ray particles in a Cs I crystal,

At Imperial College, London, Binnie et.al.(7? )using two
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T;S.E. image intensifiers in tandem have recorded photon tracks
in Na I(T1), Cs I(Tl),plastic and glass chambers.

3,5,4 The recording of Cerenkov rings using image intensifiers

When a particle traverses a radiating medium Cerenkov light
St is emitted only at an angle 3 to the direction of the particle,
where O is given by tan 6 = 149n;;30 being the particle velocity and
n the refractive index of the radiating medium. An optical systenm
of focal length f will, therefore, produce a ring oi radius f tan ©
in the focal plane. Consequently, a measurement of the size and
position of a ring should give a sensitive measurce of the particle
velocity and direction,

The use of an image intensifier systen for the purposc of
recording Cerenkov rings was first proposed by Roberts(ﬂ37)in.196o.
The nuﬁber of "spots'" expected on the. photograph, due to the Cerenkov

(138,139}

ring, is given by the expression,
N = LELD (l’é T(x» ) S(A) ar»

A i A

where « is the fine structure constant, r is the radius of the ring
image, v is the probability that a single photoelectron be recorded,
A is the ratio of the image distance to lens aperture, A is the
wavelength of the radiation, T( A ) is the tronsuission of the lens
and S( A ) is the spectral response of the photocathode, In practice
N is < 10 spots per ring,

The general experimental arrangement of the Cerenkov camera is

shown in fig. 6. The passage of a particle through the radiator
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produces a cone of Cerenkov light, which is focused by an optical
system to form a ring image on the photeocathode.of the image *
intensifier. This information is “stored" on the output phosphor
of the first tube until a gating pulse from the coincidence counters
turns on the sccond image inteneifier, The Cerenkov ring is thus
selectively recorded photographically.

(139,140)

Poultney et.al, were the first group to successfully

photograph a focused ring of Cerenkov light from a single particle.
They photographed rings produced hy 820 meV/C negative mesons passing
through a lucite cone radiator. % to 6 spots per ring were observed

depending on the gain in the intensifier systen.

(1h1)

Butslov et,al. have photographed rings of Cerenkov radiation

produced by the passage of single cosmic rays through plexiglass.

(142)

Binnie et.al. using the low intensity 700 meV/C proton beanm

from the Saclay accelerator have photographed the Cerenkov rings of
single pionse The gain required in the image intensifier system was
3.10%.

3.5.5 The determination of nuclear particle beam profiles

It is often guite important to #seccurately locate a beam of
nuclear particles. A photographic film or small scintillation
counter can easily detect a beam having greater than 105 particles/pulse
Jones and Perl(143>suggested the use of a small scintillation chamber

used in conjunction with an image intensifier to locate weak beams
(143) L (1hh

( < 103 particles/pulse)., Both Jones and Perl and Waters et.a
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have used a small fllamentary chamber dlrectly butted Onto the

face plate of an image intensifier for thls purpose. Binnie et.al.
(7h)have used a variety of scintillator arrangements, a typical
one being shown in fig., 7.

3,6 Electron image delay using transit time storage

One requirement of most of the experiments indicated in section
3,5 is the ability of the electron optical system to store an image
while decision circuits switch on a following section, acting as
a fast gate, A typical system is shown in fig. 5. The image in
these experiments, was stored using the decay time of a fast
phosphor. If sufficient image intensification was provided before
and after the phosphof ééééé, a negllglble fractlon of 1nformat10n
was lost duc to only the decay tall intensity being gated through
the output section, This loss of light always occured since the
fast phosphor received the image and started to decay in less than
10-8 gec after the image formation while the command signal reached
the electron gate in 2 10~7 sec. The electron gate was opened
for a time of 4310-6 sec since the decay time of the fast phosphors
was of this order,

The initial fast decay of P15 is followed by anlong slow decay
component, Thus if the particle flux rate is high many unwanted
pictures would build up a persistence pattern on the output phosphor
which would constitute an umwanted noise output, Hill et.al.(132)

have estimated for a P15 phosphor that if events occur at rates of
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greater than ‘IO5 per sscond tpe wanted signal to unwanted noise is
unitye.

If events taking place at higher rates are to be analysed,
a faster store than that provided by a phosphor must be used, This
is also the case when part of an event, which varies continuously
with time, is to be recorded in <1o“6 seca. The storage time
required is 10~7 secs with a time dispersion of 2 10™7 secs. The
time dispersion and not the storage period limits the time resolution.
An optical delay line can fulfill this requirement, however the need
for large- aperture,low-loss storage creates practical difficulties.,
The use of electron transit time storage was first suggested by
L.W. Jones and has been considered by Hill et.al.(132). He proposed
uesing an image intensifier designed for low velocity electrons,
shown in fig. 8, Photoelectrons are accelerated in a uniform
~electric field and confined to helices of «25 mm diameter by the
axial megnetic field., The transit tine is 2.10*7 sec with a
dispersion of 2.10"8 sec due to the spectrum of initial velocities
of the photoeleétrons. Shuttering éctidn'is accomplished after the
transit time delay by a large transverse electric field E which sweeps
out electrons in about 2'10"8 éec.,

Blectrons are noraally collected on an aperture ahesad of the
output phosphor, When the deflecting field is removed, the electrons
pass undeflected to the output stage. McGee(145)proposed an electron

image delay tube shown in fig. 9. The electron image is accclerated
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to 300v and isallowed to drift down a field free region held at
300v., The electrons are constrained go move in cycloidal paths
by a strong axial magnetic field, The eiecéfons are then

decelerated so that they reach the gating mesh with only their
emission energy. This gating mesh is of the type described by

(104)which can switch the electron beam on or off with only

Mandel
25y, If the tube length is =100 cm and the equipotential drift
section is maintained at 300v, the transit time of electrons is

:r10'7 secs. The time dispersion of the electrons is =:10-9 Secs.

The practical development of such a device is described in the

following chapters of this thesis.
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Chapter 4 The_ theoretical performance of an electron image
delay tube

4.1 The variation of image delay with applied voltage

A diagram of the e¢lectron image delay tube is shown in fig.10,
illustrating the delay section., The same battery potential which is
applied to the equipotential electrode, length dZ' is used to
accelerate the photoelectrons over a distance d1, and finally
decelerate them over the distance d3. The accelerating and
decelerating fields are held uniform by the annular electrodes.,

The electrons are emitted from the photocathode with a small
energy of = lev in a polar distribution., The axial electric field

R
imparts axial acceleration to the photcelectrons., The component
of the emission velocity perpendicular to the axis causes the
electrons to move in a cycloidal patﬁ constrained by the magnetic
field. The time taken for an electron to travel from the photocathode
to the gating mesh is dependent only opon its axial velocity. For
the purposes of the following analysis the axial emission velocity
will be neglected.

The time taken, t4 for an electron tp be accelerated by a
uniform electric field from zero to an energy eV over a distance d1,

i

is given by

t

1 =Je 1)

LR A X 8

Similarly, the time taken, t3, for an electron to be decelerated by
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& uniform electric field from eV to zero cnergy over a distance d3,
is given by

g
/8d3 m ’
3
.o L J (2)
The time taken, tZ’ for an‘electron to travel over a distance
d, in the equipotential region, maintained at a potential V, is
given by
a2
id."m
2
t, = /2
N eV o X (3)
The tota} transit time, T, of the electron is given by
= ‘b1+t2+t3
and from eqns 1, 2 and 3
\4-’.-—-
P = /-—— (24 +2d3+d )
oo (4)
Therefore T = gg
AV
where K =

1
AY

)

(24 +2d3+d )
<}

which is a constant for a given tube geometry.

The delay section geometry was standardized at the following
values:

d1 = Scnms, d

5 = 50 cmg and d

3 = 3cms.
K = 1-11.10“6Kgm. %coul'%meter.

Therefore

The variation in the electron image delay time with applied
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voltage for a single transit of the delay section is given by

T = 1-11.10"‘6v"% (5)

This variation is illustrated in fig, 11.

The primary purpose of this type of delay tube incorporating
a fast shutter was to provide a fast image "store' and "gate" for
a luminescent camera, described in section 3.5.3, and a Cerenkov
camera, described in section 3.5.%, The colncidence circuits used
in these experiments are able to produce a gating pulse on the fast
shutter in % 10”7 sec. Fischer and Zorn<146)have shown that in an
analogous system this delay may be reduced to ¥ 33 mpsecs It can
‘be seen from fig. 11 that for a delay of & 100 musec % 100V need be
applied to the drift section.

4,2 The electron time dispersion in the image delay time

The total transit time in the delay section of an electron

emitted from the Photocathode with zero emeorgy, is given by eqn 4.

n;“‘.
TO = /E‘;{f-_ (2d1+2d3+d2)

An electron emitted from the photocathode with an energy of edV
will possess this same energy upon reaching the end of the delay
section (total distance d1+d2+d3). The transit time, Tgys for the

electron in the latter case is given by

2d1+2d a
i 3 2
Tay = Iz = -+

JdV+ J V+dVv J6+dv
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The time dispersion, A T, in the image delay time is given by

AT = To - TdV

EN

Therefore T =\1n {(2d1+2d3) (;L - 1 ) +4d

1 1
2e fV Wav+ Feav 2 (\ﬁ. ] +dV}
.o (6)
The variation of the time dispersion with applied voltage is
illustrated in fig. 11, where the range of the energy of emission,
4V, is taken to be leV, It can be seen that if the applied voltage
-is 100V, the time dispersion AT # 3 musec.

In practice the electronhiﬁage is gated through the copper mesh,
which'is pulsed to % 10 volts positive. Thus the decelerating
potential gradient, over the distance d3, is less steep than that
indicated in the theoretical treatment given above. It can be

shown that this reduction in potential gradient reduces A T by &= 15%.

It can be seen by a numerical inspection of eqn 6, that the
first term on the right hand side contributes £ 90% to the total
time dispersion, when the applied potential is 100 volts; i.e. ¥=90%
of the total time dispersion occurs in accelerating and decelerating

\ regions. Thus, th§<f?gewéésggps;qp“gan be considerably decreased by

- e e

reducing the distances 4, and d,. If, for example, the distances

d, and d, were reduced so that d1+d2 = 1+5 cas, T would then be

1 3
approximately <8 mpsec, when the applied potential was 100 volts,
4.3 The light gein required to record single photoelecirons

The electron image delay tube requires sufficient internal
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electron multiplication to operate down to the low light levels
required. In extreme cases the scintillations produced by individual
photoelectrons will have to be recorded on a photographic emulsion.
Consider fig. 10. Let there be an internal electron gain of n after
the electronic gate and let the conversion efficiency of the output
phosphor be . '

Therefore the number of output photons per primary photoelectron
= nB. If the overall resolution of the image tube is R 1lp/mm, the
collection effieiency of the lens is ¥ and magnification of the lens
systeh is m, the number of photons arriving at the emulsion/cm?/
photoelectron = 4OO.E§R%Z/m2. Let this number equal that required

to produce an adequate recording density D on the photbgraphic

emulsion,

Thus D ='¢005§R2ﬁ7m2 )

If the quantum efficiency of the photocathode isiio, the light

gain of the image tube, G.is given by

-, =P .. (8)

From eqns 7 and 8,

€ mu?
RZE - (o]

hoo& .. (9)
If the quantum efficiency,tso, of the photocathode is O*1, the
transfer efficiency, &, of the lens system is 0°*1 (using 1:1

magnification) and Eastman Kodak Royal X emulsion is used exposed to
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a density of 1°0 (D = 1O9photonq/cms(14)) then,

2 6

RG = 2°5.10

.o .o (10)

The variation in blue light gain with resolution required
to photographically record single photoelectrons, under the
conditions stated in eqn 10,‘is illustrated in fig. 12, It can
be seen from eqn 10, that an image intensifier having a blue
light gain of 105”rquires 4,?°$°1uti°¥ pf }nj 1p/mm to meet this
recording criterion. | | | -

4,4 The geometrical resolution

No attempt is made to focus the electrbn image in the delay
section of the tube. The geometrical resolution is mainteined dy
the strong magnetic field, which limits the extent of the cycloidal
deviation from the axis.

The worst possible resolution due to the magnetic field may be
estimated as folléws., ILet the maximum emission energy, perpendicular

to the axis of the tube, of the photoelectron bec eV

Thus # mv’ = eV
.o (1)

and S~ = Bev
i . (12)
where B is the magnetic flux density and r the radius of the

electron in orbit ‘ -

From eqns 11 and 12
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2V m
r = .'.‘.\/ T
B e (13)

It Eo is the value of the maximum emission energy along the
axig, the maximum value of this energy in a direction 6 to the axis
is given by

2
EQ = Eocos (¢

It is assumed that the emission of the photoelectrons follows

a Lambertian distribution. The component of the energy distribution

perpendicular to the axis ET is given by

- e . 2
ET = E951ne £ 3051n9c05 )
4B
- The maximum value of ET is given when o - 0 i.,e. when

tan 0 = /2

2.f3
Hence ET(max) = Eo -?r—
Now Eo = eV0 and ET = eVT
2./3
Therefore Vo, = V. —
T ° 9 'y .o (11"')

Substituting eqn 14 in eqn 13

1
max § \/ e9

The Resolution is given by

N\ P
Qe

n +001 |_ *001B

L= = 1
min “EH e, " & B3y, p/mn
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if all quantities are in M.X.S. units.

Thig is a pessimistic estimate of the geometrical resolution,
since it assumes a square wave output intensity pattern of 100%
modulation. The resolving criterion due to Rayleigh may be used to
obtain a better estimaticn of geometrical resolution. Rayleigh's
criterion states that two neighbouring lines will be just resolved
when the centre of one maximum falls on the first minimum of the
adjacent line, i.e. when the centres of the maxima are separated by

half the width of the lines., The line half width is given by r,

thus
» 001 !
RB Z — = .001Bv/
r 4 J—mv
If the maximum energy of axial emission of the photoelectron
is leV, Vo = 1 volt.
Then Ry = B475,10° 1p/mm

.o (15)
where B is in M,K.S, units.

Equation 15 indicates that the resolution is directly
proportional to the magnetic flux density applied. The value of
the resolution limited by the magnetic flux density is illustrated
in fig. 13, It can be seen that at +05 webers/m2 the resolution
15 llmlted to “’24 1p/mm. In practice this resolution is further

degraded by inhomogenity in the electromagnetic and electrostatic

applied fields.



If a cascade intensifying section is incorporated in the
delay tube, further degradation will occur at the multiplying
sandwiches., In a three-~stage cascade tube the two sandwichee 1limit
the resolution to ¥ 25 lp/mn. If this limiting resolution be
denoted by T54 the resulting resolution R is given by

1
R
For R to be within 5% of T2y T has to have a value of = 80 lp/mm.
It can be seen from fig.h;; that a magnetic flux density of =t.2
webers/me’cers2 is reguired to fulfili this condition., The magnetic
focus coils made by Electro-Winds Ltd. are normally operated to
produce a flux density of = <015 W/mz, without undue heat being
generated., Flux densities of up to =005 W/m2 have been obtained
operating the coils for short periods only. To obtain higher flux
densities without damaging the coils, the coil current must be used
in pulsed operation. The gating‘circuits would have to be afranged
to be sensitive only during the relatively flat peak of the current
pulse which produces the intense magnetic field.

The geometrical resolution is also degraded by the electrical
gating pulse applied to the control mesh deviating from a perfectly
square pulse. This effect is lessehed in the tase of intense

magnetic field focusing compared with normal loop focusing.

The resolution required for accurate Cerenkov ring reasurement,



in the experiment described in section 3.5.4, is &5 lp/mm. across
an output phosphor screen diameter of =40 mms. The number of
1inear resolution elements in a luminescent chamber of 10 cm, width
is ¥ 200, if the maximum radius of the circle of confusion of the
coupling optics at the chamber is °5 mms, If the number of
resolution elements across an image tube diameter of 40 mms. is to
be » 200, the resolution required is > 2+5 lp/mm.
If in the extreme case there is only one photoelectron per

image element and the light gain available in the image tube is

¢1105, the geometrical resolution required for recording is, from
fig. 12, >» 5 lp/mm, The initial requirement for geometrical
resolution therefore is > 5 lp/mm,

4,5 Image persistence due to phosphor decay time

The complete image delay tube consists of a delay section,
an electronic gate and an intensifler section, One of the most
efficient intensifiers was shown in Chapter 2 to be the cascade
intensifier, The cascade image intensifier has an output image
persistence time depending on the decay times of the phosphors used.

(147)

Mandel has shown that for an n-stage cascade intensifier the

output intensity, In’ is given by

Where N is the total number of photons produced due to an electron

pulse of 5 function distribution, A is the stage gain, 7 is the decay
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time of the phosphor and t is the time interval from the application
of the electron pulse on the first phosphor.
The maximum in the output intensity due to the input & function
occurg at a time given by
t = (n=1))
The temporal output intensity of a three~stage cascade
intensifier containing P11 phosphors having a decay time of A= 25 ne

is given by

IB(t) = C t° e"tﬁ‘

where C is a constant. I3(t) has a maximum value when t = 23 =
50 ns, This relationship is illustrated in fig. 1k4.

In the practical case considered in sections 3,5.3 and 3.5.4
the input pulse of electrons on the intensifying section of the tube
would be = 10 musec long. This would approximate well to the
theoretical ¢ function, since 10 musec is very small compared to
the 25 usec decay time of the phosphor. It can be seen from fig. 14
that the output intensity is substantially zero after .5 msec.

This would limit the number of Irames separately recordable to
ﬂ=103/sec. It has been assumed that the long tail component of

P.11 phosphor is negligible. The intensity of this component depends
on the manufacture of the phosphor,

4.6 The seal-off pressure requirement for the image delay tube

The quantity'f.1 introduced in section 2.7.2 to be the fraction
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of photoelectrons appearing at the output phosphor as recordable
scintillations, depends on the pressure in'delay section. If, in
a normal imege intensifier having an accelerating field gradient
throughout, an electrou loses axial efergy in a ¢oéllision with a

free zclecule, it will still be accelerated by the field and appear

at the output. Taug in a normal image intensifier 5—1 is not reduced
by electron ccllision, It can be seen from fig. 10 that the delay
section of the tube may be regarded as a potential well, If an
electron losegs more than “F 10eV axial energy in collision, it will
be trapped in the delay secticn of the tube. Those electrons losing
less than ¥ 10eV, the approximate positive gating voltage applied to
the qontrol mesh, will not be trapped and will be accelerated to the
output phosphor.

It was noted in section 2.8 that the recording efficiency of

the image intensifier system depended on the value of &1. It is

-important therefore, when the number of photoelectrons to be recorded

is small, to keep Eﬁ as high as possible, i.e. to reduce the number
of possible collisions with free holecules. It is also desirnble
to reduce the number of ions produced by image electrons colliding

(148) 1ot the

with free-molecules, since it has been found by Miyake
photoemissive surface deteriorates in sensitivity under ion
bombardment.

The fraction of electrons f(x) travelling a distance of at

least x is given by



f(x) = enx/)’\:;

From the Kinetic theory of gases

\ 4
7 e = _m__a
T pd”

Where n is the number of molacules/unit volume, & is the average

effective molecular diameter of the residual gas and >E is the mean

free path of azn electron in the gas.

n n
1 2
HOW e = ames
Py P

Where p is the pressure expressed in mms. of Mercury, the subscripts

to 1 and 2 refering to atmospheric and seal~off wglues respectively.

4P1
Thus Zé = 5
Tanpad
If p2 = 760 mms. Hgo’ n1
6 e
S o= 264,10 “cms.
e
Py
Substituting 17 in 16
f(x) = o~ XP,37:88

log, f(x) = u37-88xP2

- 269.10"%xm™> and a = 369,10 Scms.

(17)

(18)

x is the total distance that the electron travels in the delay

section along its cycloidal path,
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Refering to fig. 10, the time taken for an electron to iravel
the distance d1 iz given by eqn. 1 to be
: -
2d1 m

=

1 v ae ae (19)

Let the electron be emitted from the photocathode perpendicularl
to the axis of the tube, with an energy eV&. The mean speed of the
electron over the distance d1 is:

2 oa ‘o (20)

Therefore, the total distance traversed in the accelerating

g l2d12m
G JE—( !v + Jv +V)

eV

section,is:

/‘w’f; [V,
= d (/—-—+._‘/1+-—~')
TV T, (21)

S8imilarly the total distonce traversed in the decelerating region

t = d (/{——+V/:;- |

The mean speed of the electron in the equipotential delay section is:

Pe, =
R/%(JVTW)

time of an electron in the equipotential delay

is:

(22)

Since the transit
ﬁa

section is t2 fdzg—, the total distance traversed is:
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S id - m
_ j2e, oy {2
dpy = (7 (VYD 5
__hab
f T
= d T o
2V Y .. . (23)
The total distance travelled
X = d1t+d2t+d3t
v TV
;P T
= — -
(d,]+d3)vl V+(d1+d2+d3) J 7

—-— - — T -—
If d1 =5 cms., d2 = 50 cnms., d3 = 3 cos., ‘T = 1 volt, and
V = 100 volts.
x = 59*1 cums.
Substituting this value of x in eqn. 18

log, £ = = 2:79.10°P, o
[ LN l‘

The graph of 1-~f, expressed in %, against P, is illustrated in
fig. 15. 1=f is the fraction of electrons involved in collision in
the delay section of the tube., It can be seen from fig., 15 that if
less than 1% of the electrons are to be involved in a collision,
then the pressure must be ¢ 3'5.10-6 mms. Hg. (for an image completing
only one transit in the equipotential delay section; denoted by
R = 0).

HLEL R=12,3... etc. denote an electron stream completing three,

five, seven...etc., transits in the delay section.
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Chapter 5 The general techniques used in the manufacture

of electron optical image delay tubes

The same general manufacturing techniques were common to all
the image delay tubes constructed by the author, and will be described
in this chapter, The individual peculiarities of each tube will be
considered in later chapters.

2:1 The preparation of the vacuum envelope

The vacuum envelope was made by the glass blowers from
cylindrical Pyrex glass tubing, of = 60 mms internal diameter, by
sealing two optically flat circular Isitex windows in each end, The
tube was provided with a constriction in the main pumping stem, in
order that it could be given a pre-pumping test for leaks by pumping
and baking and.sealing off under wacuum, The tube was then left for
as long as was conv:aiently possible, and if no discharge were
produced by a Tesla coil, the envelope was assumed free from leaks,
A Helium mass spectromater leak detector was used on some tubes to
locate the exact position of possible leaks,

If the tube were found to be free from leaks it was cut open at
the point where the tube was to be sealed up after assembly, In all
the early tubes the cut ends were ground and polished flat, in order
that a Ag CL seal could be made at that point, In later tubes the
final seal was completed using gas-air-oxygen f{lames, the tube being

held in a glass blowing lathe, In the latter case the ends were left

unground,
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The metal electrodes were held in place inside a tube by three
flat metal tags which fitted into slots ground in the wall of the
glass envelope. The tube was placed in a small lathe and the
positions of the metal electrodes accurately marked on the outsuide
of the tube. Using a thin rotary diamond wheel in conjunction with
the lathe, slots were cut to coincide with the positions marked.

The inside of the tube was next cleaned using the following
proceedure., The tube was scrubbed with a solution of Teepol detergent
in hot water, rinse” Zor about 30 mins in running tap water, then
given several rinses with double distilled water and dried with
analar acetone.

The electrostatic field was defined on the inncr surface of the
glass envelope by a series of metal rings. These were painted on the
inside wall of the tube using platinum metallizing paste type number
7477, made by Johnson-Matthey & Co. These rings were approximately
2 mmg in width. Rings of silver metallizing paste type number X351
were painted in correspopding positions on the outside of the tube.
Electrical contact between the outer and inner metal rings was made
by platinum tapes previously sealed through the glass(149). -The paste
rings were dried using an infra-red lamp and fired into the glass 2t
a temperature of = 600°cC.

When the tube was cool, the platinum paste rings were buffed

using a rotating rubber wheel to remove loose surface material, This

prevented small particles of metal being dislodged when the metal
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electrodes were assembled in the tube, Electrical continuity between
the outer and inner metal rings was checked. The tube was then
rewashed.

The tube was replaced in the lathe and the input and output
windows of the tube defined using liquid bright platinun paint.
Also the long equipotential delay electrode was similarly painted,
Since in the latter case the thin platinum paint might have been
scratched on assembly and electrical contact broken, longitudinal
strips of platinum paste had previously been painted on. Those tubes
which were later joined by a AgCl. seal, had platinum paint on the
polished seal up surfaces., Small discs of platinum paint were also
painted on the points where the platinum tapes first emerged on the
outside of the glass envelope., Finally, a small sector of each of
outer rings was painted with a thick silver metallizing paste type
number X353, in order that electrical connexions could afterwards be
soldered to the rings using silver-loaded solder. The tube was again
baked to 2 600°C to fire in the rest of the painted surfaces. The
tube was allowed to cool to a temperature of £I5OO°C and then AgCl
was applied to the small platinum discs on the tapes to form round
blobs. This was a precaution against leaks through the tape seals,
which could have formed during the baking of the tube. When the tube
was cool agua-dag was painted on the AgCl blobs to protect them from
deterioration due to the action of light. The envelope was then

enclosed in a plastic bag to keep it clean prior to assembly.



101

5.2 The prepartion of the metal clectrodes

A1l the metal electrodes were made from stainless steel., Those
used in the construction of a complete delay-intengifier tube are
shown in fig. 39. The plain metal annulireceived from the workshop
were first vacuum-stoved up to a temperature of 1000°C. Further
handling of the parts was performed wearing nylon gloves to prevent
contaminating the parts with finger grease. Various spring clips,
stops and guides wecre spot-welded to the annuli using inconel strips.
Magnetically operated catches were also appropriately added using
small soft iron slugs attached to sprung inconel strips. The metal
parts were fitted into place in the tube to make sure that they were
securely held and that all the magnetically operated catches functione
correctly using dummy parts. The inconei metal parts ﬁere always
mounted on the side of the metal annulus which faced the photocathode.
Any sharp points on these parts were then shielded from the positive‘
potential gradient by the annulus, and field emission prevented.

Some marks were produced on the side facing the phosphor by the
spot welding process. These marks were initially removed by physical
polishing. In later tubes all sharp edges were removed by clectro-
polishing. Electro-polishing was accomplished by making each annulus
in turn the anode in a bath containing a mixture of 45% glycerol,

45% orthophosphoric acid and 10% distilled water, by volume(150).

After electro-polishing the parts were rinsed in running hot water

for 30 mins. then placed in a 20% solution of HC1 for 5 mijﬂz to
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remove any traces of the polishing bath. The parts were then washed
in co0ld running water for 10 minf; rinsed with distilled water and

" dried with analar acetone. The parts were finally vacuum~-stoved up

to a temperature of 400°C. to remove any surface chemical contaminatio
It was not advisable to go much above 400°¢C. in this operation, since
this would have reduced the tension in the inconel springs.

5.3 The preparation of the cathode plate, the phosphor plate and

the mica membranes

The cathode and output phosphor glass discs were cut from
microscope cover slide plate, which was soda glass = 1 mm in thickness
using a circular glass cutter, The discs were cut slightly larger
than the intended final diameter, the excess being ground away using
a lathe and several grades of carborundum powder, The rounded edge
produced was finally polished using emery cloth, The smooth finished
edge prevented field emission and also did not offer a sharp edge
across which it would have been difficult to establish and maintain
electrical contact using bright platinum paint. The discs were
cleaned using Teepol, distilled water and analar acetone in the usual
manner. The discs were then painted on both sides with platinum
paint leaving a clear central area of the required diameter, and
fired in at 530°C. The cathode plate is shown in fig. 164d.

In the later tubes a cascade image intensifier was incorporated
into the output section of the electron image delay tube. Two mica

nembrancs were required to provide support for the multiplying
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sandwiches. The mica sheets were obtained commercially, cut into
discs of 45 m%{ in diameter and of 4-5p in thickness, The discs were
painted as above and fired in, The mica discs were then stuck down

onto 2" squares of glass using an organic filming solution, The glass

plate served to protect the side of the mica-disc, upon which the
photoemissive surface was to be formed, from contamination by the

solutions used in settling the phosphor screen.

5.4 The preparation of the phosphdr screens

ZnS: A? phosphor was settled on oﬁé-siaeyof thé mica discs and
the glass plate using the technique of sedimentation from a suspension
of the phosphor in barium nitrate and potasium silicate solutions.

The method was developqéngwégyyw&wWestthdm and was as follows:-

Two stock solutions were made up using a double digtilled water.
Solution A~Barium nitrate havipg a concentration of =22 gm/litre,
Solution BePotassium silicate of specific gravity 1+020.

The discs were placed in a dish 13 c%ﬁ in diameter, which was
scrupulously cleaned, together with 168 cQjIOf solution A. 246 mgm
of ZnS: As phosphor powder were weighed out, i.,e. enough to produce
=1 mg/cm2 after sedimentation on the bottom of the dish, The powder
was mixed with a few drops of solution A in a conical flask, and gently
ball milled using small pyrex glass balls to brcak up the crystal
aggregates., 48+5 c%ﬂ of solution & and 23 ci% of solution B were theun
added to the conical flask, and the mixture ﬁoured into the dish.

The settling process took place in #¥=2 hours, after which the
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settling solutions were siphoned off and the phosphor screens dried
under an infra-red lamp. Aluminium backings were then placed on the
back of the phosphor screens by the technique of "floating" them on.
A layer of sodiunm chloride 10008 thick was evaporated through holes
5 cm in diameter uvntc clean glass plates in a demountable vacuum
system. Magnetically operated shields slightly reduced the size of
the holes and an aluminium layer also of 10008 was then evaporated
onto the plates. The plates were removed from the system and immersed
in distilled water, which dissolved the salt leaving the aluminiun
films floating freely on the surface. The end plates and micas,
having the phosphor settled upcn them; were immersed in a weak
potassium silicate solution (8% of stock solution) and brought up
under the floating aluminium layers. The plates were removed from
the water and dried slowly in a dust free atmosphere.

The mica discs were separated from their glass plates by baking
them for :if an hour at 35000. in air, to completely remove the
organic binder which stuck the discs to the plates., The completed
mica discs were each mounted between two molybdenum rings, using four
aluminium rivets to hold the assembly together. The completed end
phosphor, a mounted mica discs, and the molybdenum rings used in their
assemnbly are shown in fig. 16.under ¢y f and g respectively.

"Floated" aluminium backings had several advantages over the
former technique of evaporating the aluminium layer onto an organic

film which had been previously deposited on the phosphor. They did
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not require the use of the organic film, which might have left a

small residue when baked away which could have decreased the efficienc
of the phosphor. The "floated" backings were opaque, except for a few
pinholes, whereas the evaporated backings were partially transparent.
The improved opaclty of the "floated" backings enhanced the phosphor
output efficiency, and reduced the caesium penetration during the
activation of the photocathode.

5,5 The preparation of the Caesium ampoule and the Antimony evaporato

The Sb~Cs photoemissive surface was the type of photocathode used
in experimental tubes. The tri~alkali photocathode would have been
more efficient, but its greater difficulty of manufacture precluded
its use in purely experimental tubes.

The liquid metal caesium was produced in glass ampoules in the
following manner. Caesium chromate, aluminium powder and tungsten
powder were mixed in the proportions of 1:1:8 by weight and placed
inside a nickel capsule. This capsule was placed inside a wide bore
glass tube, having narrow bore glass ampoules scaled to its bottom,
and the tubing secaled onto a pumping system. The ampoules had thin
glass tails which were to be broken under vacuum using a magnetic
hammer. The whole arrangement was pumped and baked at 400°¢c, for
geveral hours to achieve a reasonablec vacuum. The nickel capsule was
heated by R.F. action until the caesium chromate reacted with the
aluminium to produce free caesium. The tungsten powder controlled

the rate of chemical reaction., The caesiunm was distilled into the
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ampoules, which were then sealed off under vacuun.

Antimony, unlike cr..:sium, does not react with air, and could
therefore be evaporated from a prepared evaporating source. The
evaporator consisted of a flat coil of nickel wire, which completed
an eclectrical circuit with tantalum metal strip 1 mm wide, 0-003"
thick and 20 mmf long. Upon the tantalum strip was spot welded a
1 mm diameter disc of nickel sheety which the antimony wetted in
preference to tantalum., The tantalum strip was enclosed by a nickel
shied to restrict the direction of evaporation of the antimony.
Evaporation was accomplished by allowing the nickel coil to
inductively pick up radio frequency energy, which brought the tantalum
strip up to the temperature required for antimony to evaporate.

The tantalum strip was placed 2¢5 nmef below the 4 mm diameter
aperture in the nickel shield. In most cases the source was required
by geometry to be only 3 cmf from the surface to be coversd, which
was 4 cmg in diameter. An unobstructed simple source, in these
conditions, would have produced an evaporated layer much thicker at
the centre than at the edges. To reduce the amount of antimony
evaporated in the centre, a 2+5 mm disc of nickel mesh, having a
50% shadow ratio, was fixed to the centre of the source aperture,
sandwiched botween two corise tungsten meshes of low shadow ratio.
The meshes were mounted on a movable flap, which enabled the evapcrator
to be loaded through the aperture., The evaporator was thoroughly

degassed under vacuum, and then placed in a stream of argon gas where
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the tantalum strip was heated and the antimony wetted on.

A tungsten wire filament was incorporated across the nickel
pick-up coil of the evaporator, The filament was arranged to glow
Just before the temperature of the tantalum reached thatreqﬁired
to evaporate antimony. This advanced warning of evaporation
assisted in'preventing too much energy being applied to the coil
and producing uncontrollable evaporation.

Fig. 16a shows the complete antimony evaporator, b the soft
iron slug enclosed in an evacuated glass capsule, used as a magnetic
hammer and ¢ the glass ampoule containing caesium,

5,6 The tube assembly, seal-up and processing

The parts were assembled in the two sections of the tube using
the long assembly tools shown in fig. 33c. Electrical continuity
was checked between each part and its external connexion, and the
magnetically operated catches were checked to ensure their correct
functioning.

In the early tubes a silver chloride seal was used. The two
parts of the tube to be sealed, having polished platinized flat
surfaces, were brought together., The region of the join was heated
to about 450°C, using an electrical heating coil, and silver chloride
melted in to completely run round and fill up to joim. During the
heating argon was passed through the tube to prevent oxidation of the
metal parts., When cool, the tube was sealed onto the vacuum system.

.

In the later tubes, which were longer and heavier,.it was
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difficult to safely produce a satisfactory silver chloride seal,

This type of seal often gave rise to leaks and in general was a
source of tube failure. It was found more satisfactory to seal up
the tube at a cut in an unpainted region in the equipotential delay
section, placing the itwo parts of the tube in a glass blowing lathe
and using normal high temperature flame sealing. The metal parts
were too far away from the join to be oxidized by the flame., The

two side arm stubs were sealed up prior to joining and infra~red
lamps heated both ends of the tube, which contained phosphor screens,
Thie heating was continued thioughout the flame seal-up and afterwards
until the region of the join was cool. The moisture produced by the
flames was thus condensed in the centre of the tube away from the
aluminium backed phosphors, It was found that if an appreciable
amount of moisture condensed on the aluminium backing, they tended to
peel off when the tube was first pumped down. The join was blown
using forming gas, which was continuously passing through the tube
during seal-up. After seal-up the tube was sealed onto the vacuum
system as quickly as possible and pumped using a gas-ballasted rotary
pump to remove the water from the tube. When all the moisture inside
the tube had been removed, the tube was let down to atmospheric
pressure, the side arm stubs blown open and the side arms for the
caesium ampoule and the antimony evaporator added, The tube was then

evacuated and tested for leaks., It no leaks were detected the tube

was prepared for baking.
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The tube was baked at as high a temperature as was possible,
since the outgassing rate increased with temperature, It was not
advisable to bake above 400°C, since the phosphors would have
deteriorated in efficiency. The side arms were kept to a temperature
of about 250°C, since above this temperature antimony starts to
evaporate and caesium begins to react with the glass of the ampoule.
The main body of the tube was therefqre wrapped in electrical heating
tape, thermally insulated by two layers of asbestos paper. The side
arme were maintained by the large oven, which enclosed the whole tube
at 25000‘ The tube was maintained at 370°C. by the extra heat from
the tape., The temperatures were held at those stated by the use of
a preset thermostat which regulated the heating elements, The tubes
were baked for at least fifteen hours, until the pressure was better
than @ 745 10~7 mng of Mercury, falling to £ 1,10-7 nmg of Mercury
as the tube was cooled to room temperature, When the temperature of
the main body of the tube had fallen to Z150°C, it was quickly
unwrapped and a coat of black vacuum wax applied to all the points
of possible leaks, i.e. the platinum tapes and the tube seal-up.

The caesium ampoule was broken using the magnetic hammer and
the liberated caesium driven by gentle heating into the side arm,
whicﬁ was cooled by wadding soaked in water. The latter precaution
prevented the caesium from prematurely entering the processing
compartment of the tube. The ezcess length of the caesium side arm,

containing the broken ampoule and the hammer, was then sealed off,
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The antimony evaporator was megnetically positioned in the tube and
a layer of antimony evaporated onto the transparent primary
photocathode plate. Thg thickness of the antimony layer was
monitored as a 20% decrease in the intensity of the light transmitted
through the photocathode plate. In the tubes where a cascade
intensifying section was incorporated, the antimony layer could not
be monitored using transmitted light since the sandwiches were opaque,
Antimony was therefore evaporated until there was & 20% increase in
the intensity of the light reflected from the mica surface at an
angle of 45°, It had been previously experimentally determined that
a 20% decrease in the intensity of transiitted light produced by a
layer of antimony, corresponded to a 20% increase in the component

of light which was reflected, provided that the light was incideat

at 450. In all cases the sensitivity of the primary photocathode
upon activation was monitored to produce an optimum value, since it
is its quantun efficiency'é; which'determines the equivalent quantum
efficiency of the intensifier. The sensitivity of the photocathode
wes monitored by measuring the photocurrent produced by a standard
intensity light source, throughout the activation. The photocurrent
was collected by the antimony evaporator which was maintained at

120 velts éoaitive to act as an anode, Electrical connexion frem the
evaporator was made, using a platinum tape in the side arm, to a

galvonmeter and back through a battery to the external connexion of

the cathode plate. The processing compartment was then wrapped in
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electrical hcater tape which was lagged with asbestos sheet and
wadding, in order to maintain the chamber at 1807 C, The caesium
side arm was enclosed by a nichrome wingEgﬁting-coil and heated
gently while monitoring the photocathode sensiti;ity. ‘When‘the
sensitivity had passed through its maximum value and had fallen to
about a half of this value, the caesium side arm heater was switched
off together with that of the processing compartment. As the
temperature of processing compartment fell, the excess caesiunm was
baked away and became deficient. The sensitivity therefore rose to
a maximum and fell. When it had reached about half its maximum value,
usually at a compartment temperature of 140—15000, caesium was
reintroduced to the processing chamber to produce an excess of
caesium., The chamber was then allowed to cool further and the
maximum sensitivity gradually reapproached. Below about 80°C. there
was no change in sensitivity. When the tube was cool, the tube was
unwrapped and the evaporator withdrawn into the side arm. Both side
arms were sealed off, and the tube was left for about 15 miqé. while
the pump removed any ges liberated from the seal-offs., The final
seal-off from the pump was made, black wax being applied fto all the
seal-offs as a precaution against leaks produced by hajir-line cracks.

5.7 The preparation of the tube for Testing

The cathode plate and other moving elements of the tube were
moved into position and held down using the magnetic catches. The

gensitivity of the photocathode was measured and the tube placed in
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a perspex mourting cradle. The cradle enabled the tube to sit
axially in the field of the magnetic focusing solenoid. The rcsistor
chain used to hold the internal electrodes at their various potentials.
was soldered onto the tube. The high potential leads were attached
using thick polythere cablz, together with the low loss coaxial
cables used to apply various gating pulses to the tube, The sharp
points of the high potential section were coated with a thick layer
of beeswax which prevented corona discharge from any sharp points.
Beeswax was found to be more effective than the cold setting silicone
rubber solution, which tended to 1lift from the tube after several
months to produce spark channels, The high voltage section was
painted with black paint to reduce to a minimum any optical feedback

through the walls of the tube.
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Chapter 6 Electronic circuitry used in testing the electron

image delay tubes

To ascertein the exact behaviour of the delay section of the
imége tube trausistor circuitry had to be developed. The temporal
resolution requircd the production of gating pulses, for the
electronic shutter, of duration == 10 musec. No commercially
obtainable equipment was available which would have provided voliage
pulses of this duration at the repetition frequency required. Details
of the transistor circuits developed will be given in this chapter,
and their application in various exberiments with image delay tubes
will be described in later chapters.

‘6.1 The avalanche transgistor

The operation of a transistor in the avalanche mode provided
the basic element in all the circuitry used for generating fast
pulses, Initially, trausistors required to operate in the avalanche
mode had to be s=lected frem transistorg designed as high speed
switching devices ard only an averaée number of a large number of
transistors of a given type would avalanche, Avalanche breakdown in
junction transistors was first reported by Schenkel and Statz(151)in
1954, The mechenism of the avalanche switching mode of transistor
operation has becn described by Ebers and Miller(152). When, in the
case of a p-n~p transistor, tﬁe collector~base junciion was reversecd

biased, by applying & collector voltage in excess of the normal

operating voltages, the region on either side of the junction became
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depleted of mobile cerriers., iAs this reverse bilas voltage was
increased this depletion layer was extended further into the base
and a large field gradient buil% up across it. Holes diffusing
across the base were accelerated to high velocities on entering the
depletion layer and generated hole~clectron pairs by collision within
the crystal structure. Thus for a steady emitter current an
increasingly large collector current was produced, as the bias was
increased, wiich tended to infinity at a bias VA i.e. avalanche
breakdown. If the conductivity of the base material was too low or
the base region too narrow, the collector depletion layer extended
completely across the base without the occurance of avalanche
breakdown, This condition was termed "punch-through", requiring
a voltage Vp. Avalanche transistors were selected so that VA was
less than Vb but close to it, so that the depletion layer extended
across most of the base region,

The circuit used to test transistors,which was essentially

(153).

similar to that developed by Fullwood, is shown in fig. 17a.

To obtain the maximum current gain and the minimum transit tinme the
collector had to be biased to the breakdown voltage VA‘ Since VA
differs widely between transistore, it was not practical to apply the
bias directly as a voltage. The transistor was therefore automaticall
biased to VA by applying 120 volts negative, the current being limited
by the 560 K&k . The transistor was triggered by a 2V negative

pulse of 20 mpsec. duration which was applied across 3308 of the
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bias chain. This caused roles to be injected into the base from

the emitter, which on eniering the collector depletion layer ware
multiplied by a large factor. Thus a large pulse of current arrived
at the collector causing the collector potential to rise sharply
towards earth potentiai, Tais drop of potential across the base
progressively reduced the avalanche effect until it ceased; the
collector potertial returning with the time constant of the load
resistance 2-2K$¢ and condenser 47,000pF. The collector voltage
excursion during avalanche is shown in fig. 17bs The fast rise of
the collector excursion was differentiated by the 47pF condeunser aand
6882 resistor to produce a short output pulse shown in fig. 17c.

The test circuit was used to assess the performance of
commercially aveilable traunsistors in the avalanche mode of operation.
The table of resul’s, shown in fig. 18, represents the accumulation
of evidence of the performence of various types of ‘raunsistors during
the period of circuitry development, which was about two years. 'The
numerical results shown were obtained by measuring the output
characteristics of various transistors in the circuit, shown in
fig. 17a, using a P6025 cathnde follower probe coupled with an N
type sampling unit of 545 Tektronix oscilloscope. The intrinsic rise
time of the measuring system was +8 musec. There were three main
considerations, shown in fig. 18, in the use of any type of tramnsistor
in the avalanche mode; its reliability, performance and its cost,

The reliability and retention of initial performance of a transistor
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was ascertained over pericds of many months operation in avalanche
circuits.

Initially, the only trarsistor obtainable in England, which was
manufactured as an avalanche transistor, was the Mullard ASZ23.

It was known from th:z work cf Henebry(qsq)that the 2N711 and the
28501 transistors avalanched. In early circuits only those transistors
numbered 1 to 7 in fig. 18 were investigated. Of these the Philco
2976 was found to be the best, heaving a rise time of 8°9 volts per
musec. The 2N976 wae used successfully in early tube experiments.
However, over a period of nany months in use its performance
deteriorated, sometimes catastrophically. It was found to be
unsuitable for the experimental development of circuitry, where
transistors may be slightly overloaded. The 2N501 was found to be
much better in this respect, It is worth néting that the transistor
always exceeds its power rating during avalanche,

In later work more advanced circuitry was required, and a study
was made of various types of transistor for two dififerent requirements,
The first requirement was for a cheap reliable avalanche transistor
which could be used to develop circuitry and to provide a moderately
large output pulse as a trigger in coupling circuit elements together.
The second requirement was for aun avalanche trangistor to provide a
voltage pulse of large amplitude with the smallest possible rise
time, The first requirement was fulfilled by the Texas 2G103 and the

second by the Texas 2N964, 1In the case of the latter transistor the
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rige time of the moasnring equipment was not sufficienfly fast to
indicate the true rise time of the transistor.

6.2 The Hirsch Circuit

The circuit shown in fig. 19 was developed by G. Hirsch while
at Imperial College. It produced two output avalanche pulses each
of *10 mpsec. duration and of 10v amplitude, with a variable delay
of from 40-13%0 musec. between the pulses at a variable repetition
rate of 5-50KC/S. Section A of the circuit contained a free running
emitter-coupled multivibrator, The two Mullard OCLU5 transistors were
operated as corstant current tails to supply the fast switching
ASZ21's. The ouiput square wave was taken from the collector of
transistor No, 2 Whose frequency was given by BOWes(155)to be = 4RC).
C had the value fﬂpF and R was the resistance of the collector load
of trangistor No. 7, which was varied by the use of the 5008
potentiometer to enable the sguare wave frequency to be continuously
variable. This design of multivibrator has been used in all
experiments over a period of 18 months with complete relisbility.

The sguare wave output was differentiated by the LC combination
of the 68pfw;ﬁd the inductive load of the ﬁasé‘transformer which was
wound on a Mullard FX2431 ferrox-cube. The square wave, the leading
edge of which rose to 8 volts in 20 musec., was differentiated to
give positive and negative pulses of 20 mpdec duration and 2 1.5
volts amplitude. The positive pulses were clipped by the OA90 diods,

the negative pulses being used to trigger the 2N975 transistor in the
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avalanche mode. This transistor is shown in section B of fig. 19.
The emitter Z‘ contained a transformer which fed back degeneratively,
when the traﬁsistor avalanched,to reverse bias the emitter-base
junction. Therefore, the transistor saw an input pulse whose maximum
width was determined by the total propagation delay from the input,
through the feedback circuit, back to the input., This delay was of
the order 1-2 mpsec, The differentiated output pulse was taken from
another winding of the feedback transformer.

Section C in fig. 19 shows the delay element of the circuit.
Part of the avalanche voltage of the 2N976 was tapped off by a single
winding on the feedback transformer-to provide a negative trigger for
the delay element. This negative trigger was transformer coupled to
transistor number 8, whose collector wés held by the <1uF condenser
50 that the avalanche voltage pulse appeared on the cmitter as a
negative pulse of about 1 pscc. duration and 15 volts in peak
amplitude. he emitter line was d.c. coupled to the base of the
avalanche transistor number 12, via a Mullard AAZ13 high speed
switching diode., This line was held at a fixed positive potential by
the current flcwing through the 3.3 K& resistor. This current had
two components; one flowing through the diode and up through the
560K§ , the other flowing through the OCh5. The current through the
0C4S5 was controlled by the base voltage, which was held by the bias
chain. The bias chain was held at a fixed voltage drop against

fluctuations in the +12 volts supply by the Mullard OAZ206 Zecner



123

diode. The 500+¢ potentiometer controlled the base voltage of the
OCch5 transistor, which varied the total current through the 33 KI:
resistor and thus the positive voltage on the line. The large
negative pulse produced by the avalanche of transistor number 8
switched off the diode and the 100pF condenser charged up from the
positive voltage of the line towards - 120 volts through the 560K. ¢
resistor, When however it became more negative than the negative
pulse on the line, the AAZ13 diode switched on,returning the line to
the steady positive bias,

Section D in fig. 19 shows the second output avalanche transistor
circuit, The transistor number 12 was triggered when the negative-~
going ramp appearing on the 100pF condenser became slightly negative
with respect to earth., The delay in the firing of the transistor 12
| after transistor 5 was equal to the time taken for the negative-going
ramp to travel from the pOSifive bias voltage of the line until it
became slightly negative. The delrywas altered by varying the
positive voltage of the line., The second output pulse was obtained
by differentiating the avalanche excursion voltage on the collector
of transistor 12 in a similar manner to that of the first output pulse
from transistor number 5.

Fig. 20a shows a photograph of the Hirsch circuit, which was
constructéd on Veroboard. The two gqfiné outputs were taken from two
Amphenol type 83-1R sockets, which were screwed into a right-angled

metal mounting strip attached to the Veroboard. The gating pulses
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were applied to the delay~-tube using UR70 20 2 impedance coaxial cable,
| Mig. 20b shows a photograph of an oscilloscope trace of a

gating pﬁlse, using the Tektronix type N plug-in unit, taken directly
from a 50§ output impsdance of the circuit, The vertical scale is

2 volts per division, the horizontal 2 mpsec., per divisio?. The pulse
is seen to be approximately square having a rise time ofcgii)musec.

to an amplitude of % 8 volts for a duration of = 10 mpsec., The

gating pulse produced by the avalanche circuit shown in fig. 20
produced an approximately triangular pulse of £ 2~3 musec. half width
duration. The emitter-earth 47pF condenser of that avalanche circuit
was replaced by 2' length of UR70 coaxial cable which was used to
lengthen and shape the pulse, The inner of one end of the cable was
attached to the collector, the output being taken from the outer
across 75§% . The other end was "trimmed" using a small variable
condenser of & 2-8pF, to obtain the optimum pulse shape. It must be
noted that each transistor required different trimming capacities to

produce itg optimum shape.

6.3 Pulse circuitry using plug-in modules

In later experimental work a series of pulses were required at
various extremely long or short delays. The circuit arrangement
‘described in section 6.2 was not sufficiently flexible to meet these
requirements., It was therefore decided to build up the baeic circuit
elements on completely separate plug-in modules, which could be

easily re-arranged in the circuit. These circuit modules were built






127

up upon plug~in Veroboards type VB2503, which fitted into edge
connectors (VB3086). A 17" length of Veroboard type VB1501 was used
to interconnect the contacts of the edge connectors. Each circuit
module was built up upon 16 copper strips; the 12 volts positive and
negative lines, the 120 voltis positive and negative lines, the earth
lines and the pulse trigger lines being common to all plug-in modules,
The whole assembly was housed in Lektrokit chassis panelling. &
photograph of a complete gating circuit for the framing camera,
described in chapter 9, is shown in fig. 21.

Five separate types of circuit modules were designed:

Module one (M.1) Master oscillator and the positive and

negative pre-trigger generator,

Module one is illustrated in fig. 22a, It comprised the free
running multivibrator, described in section 6.2, adjusted to operate
at frequencies of 1-5Kc/s, The voltage square wave generated on the
collector of the ASZ21 was differentiated to produce negative spikes
which triggered the 26103 transistor in the avalanche mode. A 1K{Z
load was placed in both the emitter and collector circuits of the
2G10% transistor. Hence a positive collector excursion and a
negative emitter excursion were produced upon avalanche., Both these
voltage excursions were differentiated by the 82pF and 100
networks, to supply positive and negative pre-triggers.

Module two (M.2) The output pulse generator

Module two is illustrated in fig. 22b, It comprised the standard
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avalanche transistor circuit, described in section 6.2, which

required 2 negative pulse of ¥ 2 volts amplitude and <= 10 mpsec.
duration for triggering. The collector voltage excursion was
diffefentiated using an RC combination to produce the Sutput pulse.

The shaping of this output pulse using coaxial cables will be described
in the next section, This pﬁlse was taken to the circuit output

socket {Transradio Ltda. type GE071/75) using 758 impendrnce sub-
miniture cable type NO3/75.

Module three (M.3) The delay voltage bias generator

Module three is illustrated in fig. 23a. It supplied an
extremely accurately controlled positive voltage bias which determined
the length of temporal delay between the input and output triggers of
nodule four. The OA2226 Mullard Zener diode dropped a cbnstant
voltage of 2 6+5 volts across the 2+2 K& resistor in series with the
control potentiometer. The control potentiometer was one of two
different types which could he switched in as desired. The first
type was a 5K§2 potentiometer manufactured by Colvern Ltd. (type
CLB26/00 having 10 turns with a Linear accuracy of Z0+1%). This
potentiometer was set using a Colvern digitised dial with an accuracy
of X+01% over a three decade range. The second type was a step
potentiometer illustrated in fig. 25. This comprised three decades
of resistors arranged in ganged pairs in order that the potentiometer
maintained a constant load across the reference voltage supplied.

The first decade consisted of ten pairs of 2008 resistors, each
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having a resistance value within X0-1%.. The second decade consisted
of ten pairs of 2042 resistors each having a resistance value within
¥0¢1%., The third decade consisted of ten pairs of 282 resistors
each having a resistance value within 1%. A 28 potentiometer was
included to provide a fourth decade resistance range. Thus a
resistance could be set on this control potentiometer to within 0¢1%
of the total resistance. A BOOSZ‘double ganged potentiometer was
enployed as shown in order that a minimum resistance of up to 50082,
could be placed in series with the step-potentiometer.

The switching arrangement between the two control potentiometers
is illustrated in fig. 24b. The resistance in series with the 5KR
Colvern pétentiometer was adjusted using another 5K&2 potentiometer
until the voltage drbp across both control potentiometers was exactly
the same. Thus both control potentiometers were able to be set at
the same voltage output over a three decade range, with a slightly
less setting accuracy over a fourth range. -The voltage and therefore
the temporal delay could be varied in incremental steps or continously
as was convenient in a particular experiment,

The voltage from the control potentiometer was applied to the
base of 0C72 transistor, which by emitter followed action produced
the same voltage at the bias output, This bias was applied to the
base of the 2G104% transistor in module four and determined the
temporal delay. Since the maximum reverse base~emitter voltage which

could be applied to the 2G104 transistor was 3¢5 volts, the output
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tias from module three was arranged never to exceed = 3 volts.
Since, during the break before thc make of the step-potentiometer,
the output bias could rise to 6¢5 volts, an OAZ203 Zener diode was
incorporated to hold the bias output voltage to 322 volts. An 0C72
transistor was biased to supply a current through the 0AZ2035, which

held it below its voltage turnover point.

Module four is illustrated in fig. 23b. It supplied an output
trigger pulse accurately delayed with respect to the input trigger
pulse; this delay being controlled by the bias from module three.
The temporal delay was achieved using very similar circuitry to that
described in‘section 6.2. The negative ramp, which determined the
delay, was generated by allowing the 150pF condenser to charge up
towards the -« 12 volts supply. The 25103 transistor supplied a
constant current in order to produce a linear ramp, i.e. a linear
tempcral delay. The temporal delay provided by the circuit was
adjusted, until the control potentiometer scale was calibrated exactly
against the temporal scale of the Tektronix oxilloscope, by varying
the 150K:. potentiometer of module four and the 2508% potentiometer
illustrated in fig. 2hb.

Module five (M.5) The double delayed trigeer gemerator

This module is illustrated in fig. 24a., It provided two output
trigger pulses delayed variably, but with no calibration facility.

The circultry was arranged as described in section 6.2, the component
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values shown providing a delay of 50-~300 musecs.

6.4 The generation of square gating pulses of musec. duration

The positive voltage gating pulses which were applied to the
copper mesh of the delay tube, were required to be as square in shape
as possible if geometrical resolution of the electron image was not
to be lost. The normal avalanche pulses were squared using the
capacitance of sub-minyghre coaxial cables in the RC differentiating
network. The circuits used to obtain pulses of total duration
22 mpsec., 11 mpsec. and ko5 musec. are described below.

6.4,1 The generation of a pulse of 22 musec. duration

The circuit developed for the generation of a pulse of 22 musec.
duration is illustrated in fig. 26a., The transistor used in the
avalanche mode was the Texas 2G103. The avalanche circuit previously
described in section 6.1 was employed, with the addition of a 15pF
feedback condenser across the base~collector junction. The
differentiating capacitor used was the 20pF condenser in parallel
with the coaxial cable., The section of cable denoted 1 was 25 cms.
of Transradio type NO3/50 and determined, with the 2CpF condenser,
the length of the pulse. A loop of the same cable, denoted by 2,
determined the fall time of the tréiling edge of the pulse, Its

neal
length was adjusted to 30 cms. which produced the most!square pulse

shape. The shaped pulse was carried to the circult output socket
(4) by a length of transradio cable type NO3/75. This pulse was

carried to the tube by a length of Transradio AIT cable (5) where its
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amplitude was approximately doubled using a ferrite transformer
(6). The resulting pulse was applied to the copper mesh (7) of the
tube across a matching 33052 resistance.

The voltage pulse shapes obtained on the copper mesh ring
measured using the N type Tektronic sarfpling unit with the P6025
cathode~-follower probe, are shown in fig. 26b and fig. 26c. Fig. 26b
shows the applied pulse where the vertical scale of the oscilloscope
was 5V/cm division and the Lorizontal scale was 10 rusec./cm division.
Fig. 26c shows the same pulise where the sweep speed was 5 musec./cm
division,

6.4,2 The generation of a pulse of 11 musec., duration

The generation of a shorter pulse than that developed by the
circuit described in the previocus sub-section required a few
alterations to the circuit shown in fig. 26a, The 20pF condenser
was removed, &able 1 was retained and cable 2 shortened to a 9 cnm
length, In addition, a 15pF condenser was connected between the free
inner and outer connections of cable 2, The pulse applied to the tube
was measured. as above, the resulting oscillégrams being shown in
fig, 27. Fig. 27a shows the oscillogram of the applied pulse, with
a vertical scale of 5V/cm division and a horizontal scale of 5 musec./
em division., TFig. 27b shows the same pulse, with a horizontal scale
of 2 musec./cm division. ¥Fig. 27c shows the linearity of the step-
control potentiometer of mecéule three, when the circuit step-delay

was increased in steps of 10 mpsec. The horizontal scale of fig. 27c
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was 10 mupsec./cm division.

6,4.3 The generation of a pulse of 45 muscc. duration

The generation of a pulse of 45 mpsec, duration required
further modification to the circuit shown in fig. 26a., A Texas
2N96L4 transistor replaced the 2G103 previously used. The length of
cable required as cable 1 needed to be 4 cms long to produce a pulse
of length % musec., Since a single length did not provide sufficient
capacitance to obtain maximum pulse height, three cables (type
NO3/50) each of length 4 cms were used in parallel, A loop of
N03/50 cable, 7 cms in length, was used as cuble 2 to provide pulse
squaring action, Since the pulse shape would have been slightly
degraded by using the ferrite transformer, the pulse was applied
directly to the copper mesh using 6882 matching resistance without
using a transformer.

The pulse appearing on the copper mesh ring was measuring using
the oscilloscope as above, and is shown in figs., 28a and b. The
oscilloscope horizontal sweep speeds are 2 mpsec,/cm and 1 musec/cm
in figs. 28a and b respectively. The vertical scale in both cases is
L V/em division. It is seen that the rise time of the pulse is
& 1 mpsec, Since the combined rise time of the P.6025 probe and the
N type sampling unit is & ¢8 musec., any serious work to produce a
pulse of shorter duration must use a faster sampling oscilloscope,

ceg. a Tektronix type 661, which has a rise time of «1 musec,
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6.5 The measurement of various parameters of the Tektronix 5454

oscilloscope

6.5.1 The rise time of the light output from P.16 phosphor under

vathode ray excitation

The P.16 phosphor screen, deposited in the C.R.T, of a Tektronix
S45A oscilloscope was used as a triggered high speed light source.
The rise time of its light output was measured using the experimental
arrangement illustrated in fig. 29. Two oscilloscopes were used
triggered by fhe circuit containing modules M3g72-3—4—2, which are
described in section 6.3, The pre-trigger pulse triggered the
horizontal time base of the Tektronix 545A oscilloscope which
contained the P.16 phosphor C.R.T. tube. The horizontal trace
produced on the oscilloscope was completely covered except for a
vertical slit 1 ﬁm. in width., A light output pulse produced by the
trace crossing the slit was collected and converted into an amplified
electrical pulse by the Mullard 56AVP photomultiplier. This pulsec
was displayed on the Tektronix 551 oscilloscope using the N type
sampling plupe-in unit. The N unit was triggered by a pulse from the
trigger circuit accurately delayed with respect to the pre-trigger
pulse, Since the delay between the pre-trigger being applied to S545A
and the trace first appearing on the CRT screen was - 150 musec., and
since the slit was placed at the centre of the trace, which was swept
at 20 mpsec./cm, the output signal pulse from the photomultiplier‘

appearcd = 250 musec, after the pre-trigger was applied to the ShsA
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oscilloscope. The N type unit required to be triggered © 45 musec.
prior to the signal pulse being applied, Therefore the delay between
the two triggers provided by the Trigger circuit needed to be =& 205
musec, The final adjustment between the trigger and signal pulse

was complcted using the small deley variation available in the N type
plug~in unit.

The resulting oscilloscope traces, recorded photographically,
are shown in figs. 30a and 30b, Fig. 30a shows the rise time of the
light output pulse from the P,16 phosphor, where the horizontal scale
is 1 musec./cm division. It is seen that the 10-90% rise time of the
trace is 3+5 musec., Since the rise time of the oscilloscope slit
source was 2 mus, the rise time of the N type plug-in unit was °6 mus ,
and the rise time of the Mullard 56AVP photomultiplier was 2 mus; the

rise time of the P.16 phosphor under eclectron bombardment was given

. o

by t where:

3.5% = 22,024,624

Hence t % 2 mpsec.
Fig. 30b shows the rise time and fall time of light output pulse
from P.16 phosphor where the oscilloscope trace crossed the slit in
% 15 mus. The decay time to zero light output is scen to be £90 mus;

where the horizontal scale is 10 mps/cm division.

6,5.2 To measure the triggering delay of the Tektronix

5454 oscilloscope

It was of interest to measure the delay required by the circuitry
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of the Tektronix 5454 oscilloscope to produce the start of the
horizontal sweep of the oscilloscope trace after being triggered.

The experimental arrangement, illustrated in fig, 29, was modified
in the following manner., The N plug-in unit of the Tektronix 551
oscilloscope was vemeoved and replaced by an I plug-in unit, the
oscilloscope being then used as a normal double~beam oscilloscope
using twﬁ-L'biug-in units, The pre~trigger pulse applied to the
Tektronix S4SA oscilloscope was displayed on the top beam of the 551
oscilloscope; the signal pulse from the S56AVP photomul%iplier was
displayed orn the lower beam, The two L units used had the same
internal delay between a signal being applied at their inputs and
appearing on the vertical deflection plates. The oscilloscope traces
produced are shown in fig. 30c, where the horizontal scale of the trace
is 100 mps/cm., The delay between the two pulses is secn to be = 150
musec, which is the Triggering delay of the Tektromix Shksa,

6.6 High gain - large band width amplifier

A high-gain, large-bandwidth amplifier, comprising three Mullard
0C170 transistors, is illustrated in fig. 31. The amplifier has a
flat response over frequencies of 1KC/S - 10MC/S, with a voltage gain

of 2,000,
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chepber 7 The construction and performance of simple

image delay tubes

This Chapter describes the development of tubes having a delay
section, but having no electron multiplying elements.,

7s1 The construction of early image delay tubes

Six tubes were constructed by the author having the same general
 design as that shown in fig. 32. The first two tubes were each
manufactured as a single envelope; a cylinder 62 cms. long and

£ 7 cms, in external diameter, with the photocathode end ground and
polished flat. When the tube was painted and the paint fired in, it
was assembled from one end using the two long assembly tools shown in
fig. 33c. The metal electrodes and other parts were assembled in
succession from the phosphor end towards the photocathode end. The
gating mesh was fabricated from 600 t.p.i. Cu mesh having = 50%
shadow ratio. The potential of both ends of the equipotential delay
section were well defined using very coarse tungsten meshes of

« 50 t.psi. The photocathode plate was mounted by clips on the
photocathode side of the metal annulug which held the first tungsten
mesh, The tube was sealed-up with a circular flat Pyrex end plate,
which had been painted with platinum paint on both sides, using the
silver chloride sealing technique, This platinum layer served to
facilitate the running-in of the silver chloride during the seai-up,
and to provide external electrical contact with the photocathode.

Argon was continuously passed through the tube during seal=-up to
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prevent oxidation of the metal elecctrodes.

The tube was sealed onto the pump with the photocathode uppermost.
During baking and pumping, the photocathode plate was held slightly
open to enable the front section of the tube to be pumped at greater
speed, Before activation the magnetic catch holding the photocathode
plate open was released to seal-off the front section of the tube as
an activation compartment., The antimony layer was evaporated from
the position X and the activation completed as described in section
5.6, After the tube was sealed-off from the pump, the photocathode
plate was released and moved forward to its final position against the
front window, to be held in place by a magnetic catch.

The 3rd and 4th tubes were similar to the first two, in that
they contained the same electrode structure, They were however, made
in two separate halves to facilitate the envelope preparation and final
assembly. Final seal-up was made using the silver chloride sealing
technique at a point in the equipotential delay section = 10 cms.
from the 2nd tungsten mesh. A photograph of this type of tube looking
at the phosphor end is shown in fig. 33a. The design of the 5th and
6th tubes is shown in fig, 10, The tubes were again made in two
halves. The high voltage section of the tube was lengthened to
enable a hipgher applied voltage to be used in producing a brighter
output image, A second gating mesh, made of tungsten, was incorporated
at a distance of 7 mms. from the photocathode so that when the mesh

was maintained at 10 volts. positive, a uniform accelerating gradient






to the 100 volts equipoctentiszl section was produced. Since the
-platinum tape that could be sealed nearest to the end window had

to be used to obtain electricel connection with the tungsten mesh,
electrical connection to the photocathode was obtained using
platinum paste sealud-in at the edge of the front window. In the
5th tube, shown ian fig. 33b looking at the photocathode end, the
photocathode was activated in its final position. The antimony
layer was evaporated onto the photocathode plate through the tungsten
mesh, which was R.F., heated afterwards to remove the antimony which
had been evaporated onto it. This prevented the formation of a
photosensitive surface on the tungsten mesh when the caesium was
introduced, It was difficult to obtain a satisfactory monitoriﬁg
sensitivity whilst activating this tube, probably because there was
no effective activating compartment in which to trap a reasonable
concentration of caesium vapour. The Sb-Cs photocathode produced
had a measured sensitivity of 8ui/Lm after seal-off.,

In the 6th tube the cathode plate was placed in the same position
as in‘the first four tubes for activation. The tungsten gating mesh
was spot welded to a stainless steel annular ring 0-02" thick and
of 34 mms, internal diameter and %8 mms. external diameter. This ring
fitted into an annular groove in an annular disc 005 thick, which
had an external diameter of 57 mms. and an internal diameter of

36 mms. The width of the mesh aperture was limited to 34 mms. bty

the width of the roll of tungsten mesh available. During processing
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the tungsten mesh was held open on a hinge at right angles to its
retaining annulus by means of a magnetically operated catch. A
photograph of this mechanism is shown in fig. 39b(1). After the
photocathode had been activated in the processing compartment and
the tube had been sealed off the pump, the photocathode plate was
released, moved forward through the aperture of the annulus, which
retained the mesh, and clipped into position against the front
window. The cathode plate waé made 34 mms. in diameter in order
that it could be easily moved through the 36 mms, wide circular
aperture in the annulus which retained the mesh, After the cathode
plate had been clipped into its final position, the cateh holding
the tungsten mesh open was released and the mesh clipped into its
retaining groove by means of another magnetically operated catch,

This method of activating, using an activation compartment
separated from the rest of the tube, proved more efficient than one
in which no compartment was used., In the five tubes made in the
former manner the sensitivities of the Sb5Cs photocathodes produced
were in the range 20~30 pi/Lm,

7.2 The performance of the early image delay tubes

The first three tubes each went "soft" after a period of about
three weeks, Whether this was due to a leak in the tube envelope or
to degassing of the metal parts was not ascertained., The metal parts
in the first three tubes were degassed in vacuum using an R.F,

generator to heat them, 4 vacuum stove was available to treat the
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metal parts from the fourth tube onwards. In the latter case the
lives of the tubes were in general extended beyond three weeks,

In the first four tubes a meximum voltage of 7+5 KV could be
applied to the last section of the tube, before internal clectrical
break down occured. It was found that the copper gating mesh first
started to turn the image "on" at a voltage of 1-2 volts positive,
the image being fully "on" at = ke5 volts positive. Loop focusing
in the very high voltage section was observed at magnetic fields of
from s005 - -OSWebers/metersz.

A visual measurement of the output resolution of the delay tube
was made using the test pattern described by Baum(156). The variatio
of the measured output resolution against the potential applied to
the gating mesh is illustrated in fig. 34, At the lower applied
magnetic field the resolution exhibits an almost linear increase with
the mesh potential, At higher magnetic fields («'OSW/m2 being the
highest field that could be applied) the resolution sharply increases
with applied mesh potential until a potential of =25y, ifter this
"knee!" potential there was & small increase in resolution with mesh
potential, The above measurements were taken on the fourth tube,

240 volts positive being applied to the equipotential section,
optimum resolution being found by adjusting the e.h.t, on the output
section, The output resolution was observed to increase with the
applied magnetic field. This relationship is illustrated in fig. 35a

for low applied magnetic fields and a fixed potential of 100 volts
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positive applied to the gating mesh.

In tubes numbered five and six, the longer output section
allowed potentials of up to 15KV to be applied. This gave & finer
control on focusing and a brighter output image which enabled higher
values in resolution measurements to be obtained. The resolution was
measured using the same wmethod as before, using a voltage of 100 volts
positive applied to the eguipotential delay section and an applied
magnetic field of -025W/m2. The variation of the output resolution
against the potential applied to the tungsten mesh, with 50 volts '
positive applied to the copper mesh, is illustrated in fig. 35b.

It can be seen that if the potential on the tungsten mesh was increase
above 10 volts positive there was very little cffect on the output
resolution, The variation of resolution against potential applied to
the copper mesh is also illustrated. In the latter case, the tungsten
mesh was held at a constant potential of 10 volts positive., A "knee!
in the curve at =25 volts was again exhibited, This "knee" is less
proaounced than that shown in the upper curve of fig. 34, since the
magnetic field strength applied in the latier case was doubie that
applied in the former case, | ”

The maximum output'reSOIution obtainable in tubes numbered five
and six was 141p/mm, The resolution was limited to this value by
the presence of the 600 t.p.i. coyﬁer mesh, which formed =z Moire
fringe pattern with the resolution fan pattern,

Tube nunber six was pulse operated in the fcllowing manuner;j
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a diagram of the arrangement being shown in fig. 10, The
equipotential delay section, the tungsten mesh and the output
section were held at 100 volts positive, 10 volts positive and 15KV
positive respectively. 4 bias of 5 volts negative was applied across
the 20 K& resistor to make sure that the tube was turned off.,

15 volts positive gating pulses of 1msec., duration were applied
across the 22 K& matchiné resistor, from the high impedance output
of a Nagard(type 5001 square wave generator., A steady pattern was
projected onto the photocathode and the output observed visuaily.
The initial 1:1 mark-space ratio of the gating pulses was reduced

by successive factors of ten, until the image was too faint to
observg visually. This state occured between mark-space ratios of
1:1,000 and 1:10,000, When the intensity of the input pattern
illumination was increased to a value such that the output image was
too faint to bbserve at a mark-space ratio of less than & 1:4,500,
the photocathode became overloaded, In this well known eifect a
potential gradient was built up across the surface of the photocathode
by the emission of photoelectrons. The progressively more positive
parts of the image were "switched on" by & progressively more
positive part of the gating pulse. The onset of this effect was
observable when the edge of the pattern failed to be switched on by
the positive gating pulse, Since the gaﬁing pulse swung to 10 volts
positive, startiﬁg to switch the image on at 2 volts positive, the

edge of the pattern was charged up to 8 volts positive at the
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onset of effect, The photocurrent drawn at the onset of the effect
was %= Spamps, so that the ohmic resistance across the photocathode
was of the order 10Q;3. This value of photocathode resistance is
in rough agreement with the values obtained by other workers at
Imperial College(157’158).

7.3 The conclusions drawn from the performance of the early

image~delay tubes

The deterioration of resolution as the potential on either
gating mesh was reduced was due to the fact that the axial velocity
of the electron beam was reduced, so that perturbations of the
electron orbits caused by inhomogeneities in the electric and
magnetic fields had a greater effect,

Since the output pulse from an avalanche transistor has a
limited amplitude for a given pulse width, the minimum amplitude
required to produce a satisfactory resolution had to be found, It
can be seen from fig, 35b that when the tungsten mesh was operated
with & 10 volts applied, very littlevresolution was lost. It can be
seen from figs. 34 and 35b that when a voltage of & 25 volts
amplitude was applied to the copper mesh the "knees" in the curves

were reached, If higher potential were applied, especially above
magnetic fields of.ﬂi-O5Webers/m2, very little extra resolution was
achieved, The electronic circuitry was therefore required to produce

two pulses, one of = 10 volts amplitude and the other of = 25 volts

amplitude.
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It can be seen from fig. 35b that the maximum resolution
obtainable at a magnetic flux density of 0025Webers/meter2 is
29345 1p/mm, This is in good agreement with the theoretical value
of 125 1lp/mm. indicated in fig. 13.

The Hirsch circuit described in section 6.2, produced pulses
10musec wide, at 50 Kc¢/s, i.e. a mark-space ratio of 1:2,000. In
order that an output image could be comfortably observed when the
tube was gated by a series of pulses having a mark—spape ratio of
1:2,000, the electron current reaching the output phosphor screen
had to be increased by a factor of 10-100. This was achieved in two
ways, In the first a heated tungsten filament replaced the
photoemissive surface, 4 description of this tube is given in the
next section. In the second method two stages of cascade clectron
multiplication were incorporated after the delay section and gate.
In the latter case the internal electron gain needed to be »¥10° in
order that the output image could be observed and the photosurface

not overloaded. A description of this type of tube will be given in

the next chapter.

Z;& The performance of a delay-tube containing a tungsten filamegg

As was noted in the previoué section, the output image could be
observed,when the tube was operated under pulsed conditions, only if
the electron éurrent arriving at the oﬁtput phbsphor were increased
by a factor of 10-100, It was decided to manufacture a tube

incorporating a tungsten filament, in order to investigate the
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gating properties of the meshes and to test the electronic circuitry,
without the need of incorporating an imaege intensifying section in
the tube.

The design of the delay-tube containing a tungsten filament is
shown in fig. 36, It was essentially similar to tubes numbered five
and six, described in section 7.2, except that & %ungsten filament

replaced the photoemissive surface, Since the mean energy of

thermionic emission is £ lev, the performance of the tube was similar

to one with & photoemissive surface.

The components of the tube were prepared in the manner described
in chapter five, The tube was pumped, baked and sealed-off, no
activation being necessary. |

The tube was operated under pulsed conditions in the following
manner, & 2 volt accumulator was used to heat the tungsten filament,
which supplied Z 100 pamps current. The first tungsten mesh was
gated to similate a high speed light source., The mesh was biased to
2 volts negative,‘by applying a fixed voltage across the P =2 LSl
resistance, as shown in fig, 36, The current was switched on when
the positive gating pulse from the first output of the Hirsch circuit,
described in section 6.2, was applied to the tungsten mesh. The pulse
appearing at the first output of the Hirsch circuit was £ 8 volts in
anplitude and £ 10 mpsec in duration, It was doubled in amplitude,

using a 2:1 transformer wound on a Mullard FX2249 ferroxcube and

applied to the tungsten mesh across a 33053 matching impedence.
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The bias was decoupled by the 10,000 pF. condensor. The equipotential
delay section was held at 100 volts positive, so that the electron
pulse arrived at the copper gating mesh == 100 musec after being gated
through the tungsten mesh., The electronic delay of the Hirsch circuit
was adjusted until the gating pulse applied to the copper gating mesh
from the second output, coincided with electron image pulse arriving
there, This coincidence was first ascertained by visual observation
at the output phosphor. The second output pulse was exactly similar
to the first and appiied to the copper mesh in the same manner.

The clectronic delay was known from calculation to provide a
time delay of from = 40 to = 130 musec. It was not accurately
calibrated since the electronic equipment for this was not available
at that time. The delay was altered while the output phosphor was
observed. At the minimum delay no output image appeared. The delay
was increased to = 100 mpsec and the image appeared during an estimate
change of delay of 20-30 musec, after which it was not observed as
the delay was increased to its maximum value,

Fig. 37a shows a photograph of the tungsten filament delay tube.
Fig. 37b shows a photograph, taken at 1/1000th of a second on Ilford
H.,P.3 film, of the output phosphor of the tube with both gating meshes
continuously biased to 10 volts positive, Fig. 37c¢ chows a photograph
taxen 1/ 10th of a second on Ilford H.P,3 film of the output phosphor
when both meshes were gated as has been described above.

Tt was thus demonstrated using the tungsten filement tube that

an electron image could be delayed by 2 100 musec. and gated at a

speed of = 10-15 musec,
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Chapter 8 The construction and performance of a tube

containing an electron image delay section,

an intensifier and a high speed shutter

8+1 The construction of the tube

This section will deal with the incorporation of two eleetron
multiplying cascade screens in a tube which contains an electron
image delay section and two electronic shutters, It was noted in
section 7.3 that an internal electron gain of ).'103 was required to
enable an output image to be observed when the tube was operated under
the pulsed conditions stated therein. In practical use, as in
either a Cerenkov camera or a luminescent chamber camera, the tube
must enable single photoelectrons to be recorded., It was shown in
section 4.3 that For this condition to be met in a tube having a
geometrical resolution of =5 1p/mm, the tube must have a total blue
light gain of 2 105. The two cascade screens together with the
primary photocathode and output phosphor constitute a three~stage
cagcade intensifier, which was shown in chapter 2 to he one of the
most efficient types of intensifier for the purpose of recording
photoelectrons.

A diagram of the tube is shown in fig., 38, The delay section
of the tube is essentially the game as that of the simple tube shown
in fig. 10. The delay section comprises the primary photocathode
(1); the first "electron gate" (2), the equipotential delay section

(7), and the second "electron gate" (8). The first "electron gate!
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is manufactured from 50 t.p.i.tungsten mesh; the second gate from
600 t.p.i. copper mesh., The front edge of the equipotential delay
section is defined by elec#rode 4, The image intensifying section
is the last section of the tube coming after the electron delay and
gate, It comprises two cascade screens (9 and 11) and an output
phosphor screen.

The three photoemissive surfaces required in this tube, were
prepared simultaneously in the activation compartment (3). This
compartment is situated between electrodes 4 and 6, which both have
thin metal "skirts", tightly fitting into "tooled-down' regions of
the glass envelope. The primary photocathode plate was held in the
aperture of eclectrode 4 during activation., A mica disc mounted
between two molybdenum rings, described in section S.4, was clipped
against the flat circular window (5) in the glass envelope. An
aluminium backed phosphor scrcen was deposited previously upon that
side of the mica disc which faced the window, Electrode 6 has a
slit cut across its diameter, which just allowed the mica disc,
mounted between its molybdenum rings (45 mms in external diameter), to
pass through. Another mica disc, mounted between two molybdenum rings
of 46 mms external diameter, was clipped against electrode 6, This
mica disc covered the slit in electrode 6 and, with the metal "skirt"
of electrode 6, kept the activation compartment reasonably well
sealed~off from the rest of the tube.

When the tube was assembled and sealed-up, it was sealed onto
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the pumping system with photocathode face-plate resting on
the punmping table, The tube was evecuated through two side arms
leading to the main pumping stem., The larger of the two side arms
evacuated the main body of the tube from its centre, the smaller
,side arm was constricted and evacuated the activation compartment,
The activation compartment was thus separately pumped being kept
fairly well sealed and positioned as far away as possible from the
high voltage section of the tube. These precautions vere designed
to prevent the migration of caesium from the compartment to the
high voltage section, where it could react with metal electrodes
to produce surfaces of low work function, giving rise to field
enigsion. The positioning of the compaftment near the pumping table
facilitated the activation of the photoemissive surfaces. This
activation has been described in section 5,6, the antimony being
evaporated in turn on each of the three surfaces from position X.

When the tube was sealed-off from the pumping system, the
primery photocathode plate was released from electrode L using a
magnetic catch., It was passed under the open tungsten mesh, held
by electrode 2, as has been described in section 7.1 and clipped
into electrode 1 against the front window, The tungsten mesh was
then megnetically clipped into electrcde 2., The cascade screen
which was held on electrode 6, was released and moved through the
equipotential delay section to be clipped into its final position

(11) on electrode 12, The 600 t.p.i. copper mesh (8) was held open,






169

hinged about its diameter; and & small sector of electrode 10
clipped back to allow the passage of the cascade screen. The small
sector of electrode 10 was released using a magnetic catéh and rotated
through 180° on its hinges, to complete the annular ring of the
electrode., The cascade screen, held in position 5 on the flat window,
was released, moved through the slits in electrode 6 and along the
equipotential delay section to be clipped into its final position (9)
on electrode 10, The copper mesh was rotated through 90o about its
diameter and clipped into its retaining outer annulus,.
Fig. 39 shows the metal electrodes used in the construction of
the tube, Electrode 1 is shown in fig., 3%a. Electrode 2, with the
tungsten mesh held open, is shown in fig. 39b.(i). Electrodes 4 and
6, complete with “skirts" are shown in figs. 39c¢c. and 394, respectively
Electrode 8, with the copper mesh held parallel to its retaining
annulus, is shown in fig., 39e., Electrode 10, with a sector clipped
back is shown in fig. 39f.(i). Electrode 12 and electrode 13, which
holds the output phosphor, are shown in fig. 39#. and 3%9h. respectively
Fig. 40 shows a completed tube before it was wired up for testing;
Ten tubes of this type were manufactured before a really successfu
one was produced, The first tube was sealed up using the silver
chloride sealing teqhnique. This seal is usually most satisfactorily
made with the two halves placed in a vertical position, the bottom half
being clamped and the top half unclamped. Since the top half of the

tube was heavy it had to be clamped for safety, the seal being made






171

after three attempts. The tube was activated but a leak developed

in the seal-up before the tube was sealed off the pump. The tube

went soft before it could be tested. Since the silver chloride seal
was not satisfactory in this case, it was decided to seal~up all later
tubes using the normal gas-air~oxygen flame glass-sealing technique,
All the remaining tubes were constructed in two halves the flane seal=
up being made in the equipotential delay section at a point 10 cums
from the copper mesh.

In the first six tubes, the electrical connection to the primary
photocathode was obtained by using platinum paste sealed through the
glass at the edge pf the front window, This type of connection proved
unreliable in this case and was replaced in all further tubes, by a
platinum tape situated 7 mmé away from the front window, The platinum
tape connection to the tungsten mesh was placed 9 mm away from the
front window offset by 90° to the first tape.

Very little scientific information was gained from the first nine
tubes., The tenth tube, which had a blue light gain of & 75,000 at an
applied potential of 40KV and a primary photocathode with a sensitivity
of 55pA/Lm, was investigated exhaustively.

8,2 Experimental results gained from the first ten tubes

8,2.1 The collection of photocurrent by the electrodes

The collection of photocurrent by the various electrodes in the
tube was determined using the experimental arrangement shown in fig. L1

The tube was operated in a constant magnetic field of‘O-OSW/m?, and
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with constant electrostatic potentials applied to the electrodes.

A galvanometer G1 was placed in the photocathode lead; and measured
the electric gurrent emitted by the photoemissive surface, Galvano-
meters G2’ Gs, G4 and G5 geasured the electric currents collected by
the first "electron gate", the equipotential delay section, the

second "electron gate' and the ancde respectively, The anode consisted
of the first mica sandwich coupled with all the accelerating electrodes
in the first cascade section, and was held at the same potential as

the equipotential delay section, The five galvanometers were each
calibrated against a galvanometer of known accuracy; calibration

curves for each being obtained on all ranges.

A light source of constant intensity was focused onto a small
central region of the photocathode and all the currents indicated by
the five galvanometers were recorded as the potential applied to the
second "electron-gate'" was varied. The variation of the collected
currents with the potentisl applied to the second "electron-gate" is
illustrated in fig., 42. The photocurrent emitted from the photoemissiv
surface and the other four currents, which are all collected currents,
are all shown as positive currents, The anode current was first
collected when the potential applied to the second "electron-gate"
was #& 3 volts positive. At lower voltages than this the photoelectrons
were completely reflected by the second "electron-gate'’s Just over

half the returning electron stream was collected by the photoenissive

surface with a resulting fall in the apparent electric current lzaving
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the photocathode, Just under half thevreturning electron gtream was
collected by the first "electron-gate". This measurement gave no
indication of whether the clectron stream made many transits of the
delay section or whether the stream made only two, being entirely
collected on ite first return to the photocathode and tungsten mesh,
The equipotential delay section collected about 1% of the photocurrent,
when the electron stream was reflected at the sccond "electron-gate',
This collection dropped to about 1% when the second "electron-gate"
was > 6 volts. This current was most probably collected on electrodes
4 and 6, shown in figs, 394 and ¢ respectively, since they projected
furthest into the electrom stream, It could have been collected from
the electron stream in the first and second transits in the following
case, Scattered light inside the tube could have produced photoelectron
emission from the whole photoelectric surface, so that electrons emitted
from the edge of the photocathode could have been collected at electrode
L and 6, Alternatively, if the electrén strean had made many transits
in the tube, the collectionat electrodes 4 and 6 could have been due
to electrons which had travelled transversely to the magnetic field,
This motion across the magnetic flux lines can be achieved by successive
collisions with free molecules causing the electron to perform cycloidal
motion round successively adjacent lipes of force,

The anode current reached almost its maximum value when the
potential applied to the second "electron-gate' was about 5.5 volts

positive., At 45 volts positive, about % of the photocurrent passed
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through the second M"electron-gate" and 3 was collected by the gate
.itself. It can be seen that even when the second "electron~-gate!
was positive a fraction of the photocurrent was returned to the
first "electron-gate", This effect was probably due to the high
shadow ratio of the copper mesh (the second "electron-gate);the
electrons colliding with the mesh and being reflected back into

the decelerating region after the equipotential delay section. As
the potential applied to the second "electron-gate' was increased
the fraction of the photocurrent returned to the first Yelectron-gate!
decreased, probably because the electrons reflected from the second
gate were less able to escape from the accelerating field at the
second gate,

Meshes of lower shadow ratio than the 40% value of ﬁhe copper
mesh were available, but were not considered necessary to use in
purely experimental tubes, Clearly, if a mesh of a lower shadow
ratio were used for the second "electron-gate!" a larger fraction of
the photoelectric current would reach the anode.‘

Very similar curves to that shown in fig, 42 were obtained with
the two other tubes tested,

8.2.2 The estimation of pressure inside the sealed-off tube

The estimation of pressure inside the tube after it had been_
sealed=-off the pump was a useful indication of the condition of the
tube, Periodic checks on its estimated value indicated the outgassing

or leak rate in the tube. An estimate of the fraction of image
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electrons lost by collision with free molecules was also made from
the kndwledge of the pressure inside the tube,

It can be seen from fig. 42 that when the second "electron-gate"
was heid at a potential of less than 3 volts positive, the current
collected changed gign, i.e. an ion current was collected. This
current was that due to half the ions produced in the delay section
of the tube by the image photocurrent, The other half of the ionms
produced in the equipotential delay section proceecded to the
photoemissive surface, since the ions once formed, retained their
thermal energies and had a statistically equal chance of moving towards
either ends of the tube constrained by the magnetic field,

The pressure may be estimated from the following analysis. Let
the photocurrent be I0 and of this quantity let Ie photoelectrons make
a collision during the double transit in the delay section., It is then
assumed that all the electrons not involved in collision are returned
to the photocathode. Those electrons involved in collision are assumed
not to have sufficient energy to return to the photocathode. The latter
electrons are trapped in the delay section 6f the tube, losing their
100 volts energy by inelastic collisions, It is assumed that clectrons

initially having elastic collision all lose sufficient axial energy to
(159)

prevent them from returning to the photocathode., Fano has shown

that E, the mean energy lost by an electron in the production of an
ion pair, is &30 eV. E is largely independent of the energy of the

ionising radiation, and has very nearly the same value for all gases.
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Each photoelectron having 100 volts energy would therefore produce
3 ions by collision. Since only half the ion current is collected
by the mesh, IP = 3/2 I,1 vhere Ip is the value of the ion current
collected,

The fraction of electrons involved in collision in the double
traneit is given by:-

(1-£f) = Ie/I0 =2 Ip/3I°

Whence f = 1---2Ip/310

The pressure in the sealed-off tube is given from eqn 20
(section 4.6) as:-

logef(x)
T T 37.88x
loge(1~21p/310)

= - mms . Hg.

37- 88x

where x is the distance traversed by the electron stream in the double
transit of the delay section, which was shown in section 4.6 to equal
118+2 cms for the double transit.

loge(1-2Ip/BIo) I

Hence P =«
5027,10°

The curves in fig., 42 were taken two months after the tube was
sealed~off the pump, The value of I was measured to be 1:135 panps.
when the second "electron-gate' was biased to 50 volts positive, Ip

had a value of «002 namps, when the gate was biased to 50 volts
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negative, Hence the ratio IP/IO had a value ¢00176. If this value
of Ip/Io is substituted in the pressure equation, the estimated
pressure in tube No. 10 after two months was p = 3.10—7 mns, Hg,

It can be seen from fig. 15 that at this pressurc 1% of the initial
photoelectrons were lost in a single transit of the delay section of
the tube, The cathode sensitivity of tube No, 9 fell to 4% of its

initial value over a period of six weeks, its pressure during this
5

time rising from 1.10-6mms. Hg. to 2.10 “mms. Hg. This loss in cathode

sensitivity may have been due to either an attack by the extra gas
itself or by excessive ion bombardment produced by the extra gas.

8.,2.3 The investigation of the current collection by the

equipotential delay section

When the tube was operated under the conditions stated in section
8.2.1, a small positive current was collected by the equipotential
delay section, This indicated a net collection of positive iones under
static conditions. This collection was further investigated by
operating the tube under pulsed conditions., The circuit arrangement
shown in fig. 41 was rearranged in the following manner., Galvanometers
G1, G4 and G5 were replaced by d.c. leads, G2 was replaced by a 22K
resistor across which a pulse from a Nagard type 5001 square wave
generator could be applied and G, replaced by a 1MJ) resistor, The

3

variation of voltage across the 1MS{: resistor was determined using an

oscilloscope.

It was calculated that the equipotential delay section had a
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capacitance to earth of £ 400pF. Excess pick up of external A.C,
fields was prevented by the following precautions. The equipotential
delay section was held at earth potential through a IMi?2 resistor;
the photocathode and anode being held at 120 volts negative for the
tube operation, The current to the magnetic sélenoid was produced by
a stablised current supply. The tube was completely enclosed by an
insulated aluminium foil which was earthed., The constant illumination
was obtained using a Lucas spot light and a 12V car battery.

The Nagard pulse generator was operated with its earth connection
removed, in order to provide positive pulses with respect to the
photocathode, Its D.C. level was held at 120V negative using a
150pF condenser from its chassis to the circuit earth. The 22Kiv
Nagard matching resistance was connected from the photocathode to
the first "electron-~gate". A 2uF condenser was placed between the
photocathode and the earth to prevent the positive gating pulses
appearing on the earth line and producing a spurious signal on the
oscilloscope.

The Nagard pulse generator produced pulses of 10 volts amplitude
and 10 msec duration on the first "electron-gate!, The pulse of
electrons produced were &accelerated up to the equipotential delay
section and then allowed to pass through the "open" second "gate!,
which was held at 72 volts negative., The anode was held at the
photocathode potential; a condition which would reflect almost all

the photoelectrons., In these circumstances any positive ions formed



FIG. 43A Arb.units/ Smsec/cm

FIG. 438B Arb.units/ -smsec/cm
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in the equipotential delay section of the tube would be expected to
arrive, under the action of the field gradients, at either the
photocathode or the anode,

The top trace in fig. 43a shows the pulse applied to the first
"electron gate', the bottom shows the voltage pulse appearing across
the MK resistor at the delay section. The sweep speed of the traces
were both 5 msec/cm division. It can be seen that for £ 1 mscc &
negative voltage appears across the {MSB resistor, i.e. 2 collection
of electrons; after which a positive voltage appears. This can be
seen in greater detail in fig. 43b where the sweep speeds were both
*5 msec/cm division. It can be seen that after £ 145 msec a ripple
frequency appears in the trace. This frequency can be seen from
fig, 43c, where the sweep speed was 40 msec/cm division, to be 25Kc/S.

The collection of electrons by the equipotential delay may be
explained as follows, Under the operating conditions outlined a
fraction of the image electrons would be trapped in the potential well
of the delay section after losing energy in a molecular collisiomn.
These trapped electrons would then lose further energy by molecular
collision until they reach thermal equilibrium with the free molecules.
At each collision the change in direction of the nonaxial velocity
component of the electron would cause it to perform its cycloidal
motion round a line of magnetic flux adjacent to the original flux

line, The sum of the small transverse motions due to each collision

would enable the electron to cross the tube transversely .to the
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magnetic flux lines and be collected by the equipotential delay
section, The ripple frequency may be explained by assuming that
the electrons travelling at thermal equilibrium energy induce an

oscillation in the load. The geometry of the tube was very similar

to the Barkhausen-Kurz oscillatﬂr(160), which produced in the load a

frequency f = & To’ where T° was the transit time of an electron from
the anode to the cathode. It was found that like the'Barkhausen-Kurz
oscillator the frequency of oscillation was independent of the external
circuit load, If the velocity of the electron stream under thermal
equilibrium is of the order 106cms/aec and the length of the delay
section is of the order 1oacms the frequency of oscillation in the
tube is of'the order 10#0/8' This is of the same order as the 25KC/S.
frequency observed.

The mean time required for an electron to be collected by the
equipotential delay section may be estimated as follows,

If the r.m.s., distance the electron has to travel transversely
to be collected by the equipotential delay section is noted by BP
and D° represents the r.m.s. distance the electron travels between

each collision, where p is the total number of collisions then,

5P

and jad %g At B°

p 5°

i

where dN/dt is the rate of electron collision and At is the mean

time required for an electron to be collected,
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v
Now gg = =2 where v, is the velocity of the electron and A,

its mean free path,

v
Therefore DF = -—= At B°

Ao

Since the pressure inside the tube was of the order 10~ mms Hg. then
the value of .ke is from eqn, 19 (section 4,6) of the order 1040ms.
Since however, the collision cross-section of a gas~molecule depends
on the speed of the electrons passing through the gas, the well known
Ramseuer effect, the effective value of ‘Ae is decreased at low electro
energies, This decrease is of the order 10 from the values obtained
from the Kinetic Theory of gases at an electron energy of 2 leV,
Therefore a better value of ‘Ae is taken to be of the order 103cms.
L is taken as 108cms/sec i.e, a mean energy of = leV, BP is taken
to be of the order 1 cm. and D° to be the radius of cycloid gyration
in a ¢02W/m2 field of an electron of leV energy, i.e. B5° 1510'2cms.
If these values are substituted in the above equation t ﬁ=10-3$ecs,
which is in rough agreement with mean time of the negative slope of
the electron collection trace.

The positive part of the trace may indicate either a collection
of positive ions or a loss of secondary electrons by the equipotential

delay section, The author can offer no satisfactory theoretical

explanation of this phenomenon however,

8.2.4 The Blue light gain of the cascade image intensifier

The blue light gain of all the tubes was measured using the
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following proceecdure. A light source of variable intensity was
focused onto a small area of the photocathode. The light beam was
passed through a Wratten 47B filter, so that the light incident upon
the photocathode had 2 similar spectral distribution to the emission

—

of a P.11 phosphor. A photovoltage cell was placed in front of the

photocathode to collect the incident light and the intensity of the
incident light was adjusted so that the current output of the
photovoltaic cell was +2 pamps. The photovoltaic cell was then placed
against the output window of the tube and the accelerating voltage on
the intensifier slowly increased until a current of <2 pamps was
obtained from the photovoltaic cell, The blue light gain of the tube
was then unity. The input light intenéity was reduced until the
photovoltaic cell current measured at the dutput of the tube was

*O4 pamps. The voltage applied to the tube was further increased until
the photovoltaic cell current was 2 pamps, This proceedure was
reﬁeated until the full operating voltage was applied to the tube,

The gain of the tube was thus increased by steps of five, the voltage
applied at each step being noted.

For this measurement the tube was operating under normal condition
with the positive E.H.T. applied to the output phosphor. The
photovoltaic cell was spaced away from the output phosphor by means of
a solid perspex light pipe. This prevented the E,H.T. sparking across
to the photovoltaic cell and causing a fluctuation in its output curren

The reduction in light collection was determined experimentally to be
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a factor of 3«7, TFig, 44 shows the blue light gain of two tubes
plotted as a function of the applied voltage. The curves were

corrected by the factor of 3+7,

8.2.4 Image persistence due to phosphor decay time

The image persistence on the output phosphor due to the
combination of the three phosphors of the cascade tube was
experimentally determined using the experimental arrangement
illustrated in fig. 45a, The first "electron-gate" was biased to
five volts negative and was gated open at 100 ¢/S by a pulse 20 volts
positive in amplitude and 1 psec in width. The second "electron-gate
was biased to 15 volts positive to be continuously open. The pulse
of electrons 1 psec in width was amplified and spread in time by the
three-stage cascade image intensifier, The final intensity at the
output phosphor was recorded on an oscilloscope using a photomultiplier
(P.M.). A double beam oscilloscope was used to record both the gating
pulse and the output phosphor intensity, the oscilloscope being
triggered from the prepulse output of the Nagard type 5001 square wave
generator,

The lower trace of fig. 45b, where the sweep speed was 1msec/cm,
shows the output phosphor intensity. It is seen that the intensity
decays to zero after 2.5 mpsecs. This time is longer by a factor of
ten than that indicated theoretically in section 4.5, This discrepancy
is due to the long tail intensity component in P.11 phosphor.

The lower trace in fig. 45c, where the sweep speed was 1Opsec/cm,
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shows the rise tiune of the output phosphor intensity. The upper trace
shows the inverted gating pulse 1 nsec in width which was applied to
the first "electron~gate'. The rise time is seen to be =2 30 usecs.

8.2.5 The geometrical resolution

v

The geometrical resolution obtained at the output of the tube
is limited by several factors, The first factor is the strength of
the magnetic field, in which the tube is operated, which determines
the image resolution in the delay section (discussed in section &.b4).
The second factor is the loss of resolution caused by transmitting the
image through the intensifying section, where the resolution is limited
by the electron optical focusing and by the thickness of the cascade
screens, The third factor arises when the "electron-gates" are pulse
operated; resolution is degraded when the gating pulses deviate from
a perfectly square shape., The fourth factor is the potential at which
the "electron-gates" are operated (discussed in section 7.3).

A visual measurement of the output resolution of the tube was made
using the test pattern described by Baum 198, Fig. 46a shows the
value of resolution measured plotted against the flux density of the
magnetic field applied to the tube. The equipotential delay section
was held at 120 volts positive and the second "electron-gate! at 65
volts positive during these measurements of the output resolution under
static conditions. The E,HE.T. potentials applied to the three sections
of the cascade intensifier were individually adjusted using a

potentiometer control box, until the optimum resolution was found.
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Fig. 46b shows the value of resolution measured, plotted against thé
voltage bias applied to the second "gating~mesh", when the magnetic
flux density was ibO64W/m2.

It can be seen from fig, 46a that the higher the magnetic field
that can be applied the better the output resolution obtained. It can
be seen from fig. 46b that under the conditions stated, the output
resolution has a value of 10¢5 lp/mm from the image “switch on"
voltage of 3¢5 volts positive until %10 volts positive, after which
the resolution ;ises to a constant value of 12 1lp/mm above = 20 volts
positive., Thus, 1if perfectly square gating pulses of between 3.7 and
10 volts positive are applied to the second "electron-gate" the
resolution is 90% of its maximum value,

The output resolution was next recorded photographically when
the tube was gated and ungated, The Baum pattern was projected onto
the input photocathode, so that the image recorded on the photographic
emulsion was linearly magnified by a factor of two., Thus the Baum
resolution scale must in this case be divided by two to obtain the
true resolution, The applied magnetic field was -O6EW/m2 which
produced a visually measured output resolution of 212 lp/mm. Fig.L?
shows some of the result obtained photographically,

Fig. 47a shows the pattern obtained when E.H.T, potential was
23XV and the second "electron-gate! was held at 4O volts positive,
Figs, 47b, ¢ and d shows the patterns obtained when the second

Melectron~-gate! was gated with pulses of duration 500 psecs, 100 psecs
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and 10 nsecs respectively. The gating pulses were 35 volts in
amplitude, obtained from the high impedence output of a Nagard type
5001 square wave generator, and applied across a 22KS. matching
resistors. The second "electron-gate'' was reverse biased to 5 volts
ﬁegative during the experiment. The resolutions indicated in figs.47a,
b, c and d are 7 1p/mm, 10 lp/mm, 8¢5 1p/mm and 8 lp/mm respectively.

Figs. 47e and/‘/ShOWS patterns obtained when the E.H.T. applied
to the tube was 32KV, TFig. 47e shows a resolution of & 10 lp/mm when
the second "electron-gate" was held at 40 volts positive. Fig. 43‘%
shows a resolution of 2 5 lp/mm when the second "electron-gate!" was
gated by a triangular shaped pulse of 30 musec half-width and 15 volts
amplitude, |

These results indicate that the photographic resolution is less
than that obtained visually, i.e. the best photographic resolution was
10 1p/mm compared with 12 lp/mm obtained visually. Also the faster
the shutter speed the worse the resolution becomes. The poor shape
of the 30 mpsec gating pulse produced the rather low value of
resolution obtained in that case. Better results, obtained with a
10 mpsec gating pulse, will be presented in the next chapter,

8.2.6 The measurement of the speed of the electronic shutter

The speed of the electronic shutter of the Mandel type, which
4

Y(Q\was used in the image delay tube, was infeqéd by him from the

reduction in the photographic density produced by reducing the

voltage pulse length applied to the mesh, This method was considered
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unsatisfactory by the author for accurately measuring electronic
shutter speeds of the order 10 musecs. Several experimental methods
were employed before a satisfactory one was found.

The experimental arrangement of the first mefhod is illustrated
in fig. 48a, A pre-trigger of the Nagard type 5001 square wave
generator was used to trigger the time base of a Tektronix type 5454
oscilloscope. The horizontal sweep produced, together with the
calibration graticule was focused onto the photocathode of the delay
tube, The delayed output pulse of the Nagard generator was used to
trigger the delay of the Hirsch circuit (described in section 6.2).
The fast avalanche pulse from the Hirsch circuit was used to gate the
second "electron-gate" open, during which time-~interval part of the
electron image of the oscilloscope trace was allowed through. At lower
gating spceds, up to = 5 usec, the delayed output pulse from the Nagard
generator itself could be used as the gating pulse. At the faster
gating speeds the output pulse from the Hirsch circuit had to be used.
The total delay required between triggering the time base and applying
the gating pulse was = 350 mpsecs., This time was the sum of three
separate delays., The first was the delay between the oscilloscope trace
first appearing on the screen and the input trigger being applied, which
was found experimentally (section 6.6) to be & 150 musec, The second
was the time needed for the trace to travel to the ‘centre of the screenj
£ 100 musec on the 20 musec/em sweep speed, The third was the time

taken for the oscilloscope trace to arrive as an electron image at
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the second "electron-gate!, i.e. #> 100 musecs, Since the Hirsch
circuit provided a maximum delay of Z 140 ﬁﬁééés,'theiﬁagard generator
was used to provide the extra delay. The éating pulse was first
applied to the horizontal input of fhe'oécilloscope and the resulting
trace photographed through the delay t{;be. The gating pulse was then
applied to the tube and a photograph of the Qééiiléécépe trace was
taken, The length of the oscilloscope trace on éheéiibfétéd time base
gave the exact shutter speed of the second "elécffﬁn-gate".

Some of the results of this experiment are illustrated in fig.48b.
Figs. 48b.(1), (3) and (5) show gating pulses of 10 volts amplitude
and of 100 mpsecs, 5 unsecs and «2 usecs duration respectively, applied
to the oscilloscope. Figs. 48b.(2), (4{Land (6) show the output of
the delay tube gated by the respective pulses. The thickest part of
the trace occured while the gate was open. The after~-glow of the
P.2 phosphor of the Tektronix c.r.t. was responsible for the extra
trace on both sides of that caused by the gating pulse. The faint
trace on the left hand side was caused by the previous gating cycle
and that on the right hand by the contemporary gating cycle. The
phosphor decay limits this method to indicating shutter speeds - ‘usecs.

The second method used in an attempt to ascertain the gating speed
of the second "electron-gate" was to microphotometer the photographic
negatives obtained in a similar experiment to the previous one.
Hoﬁever, in an attempt to reduce the effect of phosphor decay, &

Tektronix c.r.t. containing a P.16 phosphor replaced the one containing
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the P.2 phosphor, The decay time of the P.16 phosphor was 100 musecs.,
It was hoped to separate from the decay that part of the trace due to
the gating pulse using the microphotometer technique, However, the
phosphor noise prevented any accurate measurement of gating speeds in
the millimicrosecond region,

The third method was found to be successful, especially for gating
speeds in the 1 ~ 10 musec region, The experimental arrangement used
for thié method is illustrated in fig, 49, The gating circuit used
the modules M.1, M.2, M.3, M.} and M.5, described in section 6.3. The
aestgroscillator in M.1 operated at == 1Kc/S frequency, The first
avalanche output from M.2 was used to trigger the horizontal time base
of a Tektronix 545A oscilloscope at the same frequenqy as the nmaster
oscillator, The horizontal sweep of the Tektronix c.r.t, containing
a P.16 phosphor screen was completely covered except for a vertical
s1lit 1 mm in width, The rulsed spot of light produced, was focused
onto the photocathode of the delay tube operated with the first
"electron~gate'" and the equipotential delay section held at 10 volts
positive and 100 volts positive respectively. Since the horizontal
sweep speed of the oscilloscope was 20 musec/cm, the trace crossed
the slit in 2 mpsec. Thus an electron pulse, having a rise time of
== 2 mpsec (described in section 6.5), a flat top of 2 mmsec and
decaying at the P.16 decay rate to zero intensity after = 70 mpsec,
errived at the second "electron-gate", It was noted above that the

electron pulse arrived at the second "electron-gate' = 350 musec after
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the oscilloscope had been triggered by a voltage pulse from M.2.

Thus if the calibrated delay of the circuit were set to 350 musec,
the avalanche output gating pulse would have opened the second
"electron-gate" just as the electron pulse arrived, In practice the
value of the calibrated delay, produced by the gating circuit, was
slowly increased, from a value well below 350 mpsec, until the trailing
edge of the gating pulse just started to allow the leading edge of the
electron pulse through the second "electron-gate', As the delay was
further increased even more of the leading edge of the electron pulse
was allowed through the gate. Eventually, when the delay had been
increased sufficiently, a constant fraction of the temporal
distribution of the electron pulse was allowed through the gate,

This fraction was cqual to the ratio of the gating pulse length to
the electron pulse length, The part of the electron pulse allowed
through fhe gate by the avalénche pulse was amplified by the cascade
section of the delay tube and appeared on the output phosphor. The
mean intensity, averaged over many cycles, of the light output from
the gated electron pulse was measured using a photomultiplier (P.M.)
and a galvanometer (G). The galvanometer current was recorded as

the calibrated delay of the gating circuit was increased by steps of
1 mpsec, These measurements were plotted as a curve representing the
electron pulse ""sampled" by the square gating pulse, Assuming that
the front edge of the electron pulse was perfectly square, the time

taken for the plotted curve to reach a maximun value from its steady
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Zzero value was equal to the duration of the square gating pulse., The
plotted curve was normalized to reach the steady value it would have
reached if the light output of the P.16 phosphor did not decay, but
emitted a constant radiation, The rise time of the latter curve was
differentiated to obtain the shapc and duration of the gating
characteristic of the second "electron-gate'", due to the gating pulse.
This derived gating characteristic was then compared with the actual
voltage gatiﬁg pulse applied to the second "electron-gate.

The 11 mpsec duration gating pulse generator, described in
section 6.%.2, was used as the last module (M.2) in the gating circuit
in the experiment illustrated in fig. 49. The voltage pulse, measured
using a P.6025 probe and an N type Tektronix sampling unit, which was

7 2.7
applied to the second "electron-gate" is shown in fig, £8a and ZBb.

Figs, ;ga énd ;gL show the pulee, where both vertical scales are 5V/cm
and the horizontal scales are 5 musec/cm and 2 mpsec/cm respectively.
This 11 mpsec gating pulse was used to "sample' the electron pulse,
The photomultiplier output current due to this saﬁpling action is
illustrated in fig. 50 plotted against the calibrated delay time. The
time taken for the curve to rise from its initial zero value to its
maximum value is 12 musece. This value of 12 musec is the duration of
the gating pulse, which confirms that a voltage pulse of 11 musec
duration actually gated for this period of time without being appreciabl

degraded by stray inductance or stray capacitance.

Fig. 51 shows the curve resulting from the normalization of the
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curve shown in fig. 50, Fig. 52 shows the curve resulting from the
differentiation of the curve of fig. 51, This latter curve represents
the turn-on characteristic of the second "electron-gate" due to the
11 mpsec gating pulse, The leading edge of this curve shows the turn=-
off characteristic of the gate due to the trailing edge of the voltage
gating pulse. The trailing edge of this curve shows the turn-on
characteristicvof the gate due to the leading edge of the gating pulse,
The turn-on rate is seen to be slightly faster than the turn-off rate,
which corresponds to voltage rise and fall rates of the gating pulse
shown in fig, 27b.

The gating characteristic of the second Yelectron-gate' using a
gating pulse of 22 musec duration was also found to correspond to the
voltage gating pulse (section 6.4.1),

8.2.7 The investigation of spurious electron storage in the

delay-section of the tube

It was necessary, for the completely satisfactory operation of
the delay-section of the tube, that the part of the electron stream
excluded by the gating action of the second Yelectron-gate! be returned
and completely absorbed in the delay-section of the tube.

Initially, the only method available to investigate the
possibility of spurious electron storage was the one which is described
below, The circuitry used in conjunction with the delay~tube for this
experiment is shown in fig. 53. A Lucas spot light, maintained at a

constant intensity by a 12 volt car battery, was focused upon the






206

photocathode of the delay-tube. The cquipotential delay-section (1)
and the first multiplying sandwich (4) of the cascade intensifier were
held at earth potential, The primar&“photocathode and the second
"electron-gate! (when unbiased) (3) were both held at a fixed potential
of 100 volts negative., The first "electron-gate" (2) was maintained

at 10 volts positive with respect to the photocathode. A reverse bias
(19) of 5 volts negative with respect to the 100 volts negative line,
was applied to the second "electron-gate'' across a 1Mi resistance (7).
The tube was shielded from stray A.C. fields using the same precautions
as those described in section 8.,2.3. Under these conditions the
continuous electron stream, produced by photoemission at the primary
photocathode, was completely reflected at the second "electron-gate"
and returncd towards the photocathode region. It was assumed that the
photocathode region always reflected a fraction r of the returning

electron stream so that the electron density built up to a value dn

given by

n
g = 8ll-r )
o lmr

where n was the number of reflections made by the leading edge of the
electron stream at the photocathode region and a was the electron

density of the electron stream where n = 0,

This process was allowed to continue for some seconds. Thus
n )'106 and therefore rnﬂ?o, since the time intervel between successive

reflections of the electron strean at the photocathode region was
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£=2oo'mpsec. The electron density after some seconds was given by

deo 4 Where

a

doo =

Ter

Thus after some seconds an electron stream of uniform electron density
was built up; the total storage time of this electron streanm in the
delay~section being < 200 mpsec (two transits of the delay~section),
Thus when a positive gating pulse of Z 1 psec duration was applied to
the second "electron-gate!", the stored electron stream, having an
electron density dos was swept out of the delay-section in = 200 musec.
This stored electron stream was follong by an unstored stream, having
an electron density a.

The positive gating pulse was obtained from the Hirsch circuit(b)
described in section 6.2. The avalanche voltage excursion of the
output transistor was almost wholly applied, through a differentiating
network of a 100 pF condenser and the tube resistance of 1MiZ (6),
onto the second "electron-~gate', This gating voltage pulse is shown
in fig. 54a, recorded on the upper beam of the Tektronix 551
oscilloscope (0) where the horizontal scale is %00 mpsec/cm and the -
vertical scale is 10V/cm, The part of the electron stream allowed
through the second "electron-gate' was collected on the aluminium
backing of the phosphor of the first sandwich (4), The electron
current pulse collected flowed to the circuit earth through 6844 (9)

across which it developed a voltage pulse., This small voltage pulse
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was amplified by A, described in section 6.6, and was recorded on
the lower beam of thé oscilloscope, (0). The voltage pick~-up on the
earth line of the amplifier (4) due to the voltage gating pulse, was
reduced to a minimum using the condensers numbered 10, 11, 12, 13 and
15, the 1005, resistance (8) and the ferrite cored inductance (17).
The response of the voltage amplifying circuitry to a square‘
electron pulse was checked by applying the voltage gating pulse to the
first "electron-gate' (2). The second "electron-gate' was biased to
20 volts positive in order to allow through the whole of the electron
pulse without any spurious storage occuring, The amplified voltage
pulse resulting from the collection of the electron pulse appeared on

the lower beam of oscilloscope, an

e e v

is shown in fig, 54%b, The pick-up

by the amplifier (A), due to the gating pulse applied to the first
"electron-gate! is shown in the %Szfr,iﬁﬁﬁgm2ﬁm£§ﬁ:w§&b4 The horizontal
sweep speed of the oscilloscope was. 400 musec/cm, the upper vertical
scale was 10V/cm and the lower vertical scale was -2V/cm, The
oscilloscope was operated on these ranges throughout the experiment,

The gating pulse was then applied to the second 'electron-gate',
which was biased to 5 volts negative with respect to the 100 volts
negative line. The first "electron~gate'" was biased to 10 volts
positive with respect to the photocathode. With no illvmination
applied to the photocathode, the voltage pick~up by the amplifying

circult shown in the lower trace of fig. She was due to the gating pulse

applied to the second "electron-gate!. The photocathode was then
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illuminated and the gating pulse applied to the second "electﬁon-gateﬁ,.
The resulting amplified voltage pulses, resulting from the electron
pulses arriving at the mica sandwich, are shown in figs, 54d, e, f,
g, h, 1 and j, when the voltages applied to the equipotential delay
section were 200V, 100V, 50V, 25V, 16V, 11V and OV respectively. The
total spurious storage times of electropét%équalling the double traunsit
time of the electron stream in the delay-section, can be seen from
fig. 11 to have theoretically calculated values of 160, 220,
210, 440, 560, 670 and 740 mpsecs when the voltage applied to the
equipotential delay~section is 200, 100, 50, 25, 16, 11 and 9 volts
respectively. The figureé show that in each case, spurious storage of
electrons occured over periods roughly corresponding to the times
predicted theoretically, In each case the electron density, which was
built up to a value dp during the spurious storage, is seen to be
approximately double the, clectron density of the unstored stream,

Thus dan = 2a.

and r &3

It appeared from this experiment that the photocathode region
reflected approximately half of the returning electron stream.

Further evidence of spurious electron storage was obtained using
the experimental arrangement which is shown in fig, 48a and which is
described in section 8,2.6., A c.r.t. cqntaining a P.16 phosphor screen
was used in the Tektronix 5454 oscilloscope. The Hirsch circuit was

adjusted to provide an output avalanche pulse of % 20 musec duration,
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which was applied to the second "electron~gate!. A photograph of

the part of the graticule of the oscilloscope, which was focused onto
the front photocathode of the delay tube, is shown in fig,., 55a, It can
be seen from fig. 55a that the width of the object area was 2 cms, since
each main graticule division was 1 cm, The illumination of the
graticule was switched off and the horizontal trace of the oscilloscope
c.r.t, brought to the centre of the object area. The oscilloscope
sweep speed was set to 40 mpsec/cm division; so that the oscilloscope
trace crossed the object area in = 80 mpsec. The temporal delay
provided by the Nagard pulse generator was adjusted until the gating
pulse allowed through & 20 musec of the electron stream due to the
oscilloscope trace, A photograph of the image appearing on the output
screen of the delay tube under these conditions is shown in fig, 55b.
The length of the denser part of the image of the trace corresponds to
the time during which the gate was open while the electron beam of the
Tektronix c.r.t. crossed the P.16 phosphor screen. The decay tail of
the image of the trace corresponds to the part of the phosphor, over
which the electron beam of the Tektronix c.r.t. had crossed, before

the second "electron-gate' was opened. The oscilloscope sweep speed
was reset to 200 mpsecs/cm division, so that the trace crossed the
object area in 400 mpsec, The temporal delay provided by the Nagard
pulse generator was incfeased, so that the second "electron-gate" was
opened to that part of the clectron streanm which corresponded to the

part of the trace which appearéd last in the object area, The parts



FIG.55B The trace image (40mps¢c/cm.)

FIG.55C The trace image (200 mpscc/cm.)
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of the trace allowed through the gate with their corresponding decay
tails can be seen in fig, 55c. The part of the image of the trace on
the right-hand side of fig., 55¢ is due to that part of the electron
image of the trace which makes only one transit in the delay~section

of the tube, before being gated through the second "electron-gate'l,

The part of the image of the trace on the left-hand side of fig., 55¢
corresponds to that part of the electron image of the trace which makes
three transits of the delay~section. of the tube before being gated
through the second '"electron-gate''s The end of the left-hand part of
the image of the trace can be seen from fig, 55¢ to occur = 200 mpsec
before the end right~hand part of the image of the trace, -liis
interval is equal to the time taken for the electron stream to complete
the two extra transits of the delay section, when the equipotential
delay-section was held at 100 volts,

Thus this experiment clearly indicated that if a beam of electrons
were returned to the photocathode region it would be partially
reflected, More than one image of the trace was observed due to
reflection; the number depending upon the sweep speed of the
oscilloscope. The imeges became fainter with the successively
increasing number of reflections made.

8.3 Experimental results gained from tubes numbered XL - XII1l

It was considered possible that the spurious storage of

electrons established in section 8.,2,7, might be due to the presence
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of the first'electron-gate!, The first Y"electron-gate'" was thought
to distort the accelerating field in front of the photocathode, so
that part of the returning electron stream was reflected at the
discontinuity.’

Tube number cleven was constructed, omitting the first Yelectron-
gate" in order to test the hypothesis stated above. The experimental
method uscd was the second one described in section 8.2.7. Besides
the main image of the trace, due to the electron stream completing &
single transit of the delay-section, further images were looked for duc
to reflection {such as the first reflected image shown in fig. 55c).
Only the one main image was observed using tube number eleven. The tube
went soft before any other methods of determining electron storage
could be applied. There were two possible explanations of the
observation made with tube eleven. The first explanation was that the
removal of the gate had removed the partial reflection of the electron
stream which returned to the photocathode region. The second
explanation was that the pressure inside the tube had fallen to such
a value that the mean frce path was not large enough to allow the
electron stream to complete more than one transit of the delay section
and be observable at the tube output.

Tubes numbered twelve and thirteen were constructed to examine
the electron storage effect further, The basic design of the tube,
shown in fig. 38 was retained. Some of the metal electrodes in the

tube were modified in the following manner. The internal diameter of
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electrode 1, shown in fig. 38a, was enlarged to enable it to accept

a larger photocathode plate of 40 mms external diameter. The internal
diameter of the electrode 2, which held the tungsten mesh ring
assembly (the first "electron-gate'), was also enlarged to 40 mms.

The modified electrode and tungsten mesh ring assembly are shown in
fig., 39b.(ii). The internal diameter of electrode 4, which held the
cathode plate during activation, was also increas-d to 40 mms, The
inconel structure shown in fig. 39:i, was fitted into the equipotential
delay section of the tube, This structure held four flashless getters.
A series of electrodes of the type shown in fig, 3%h were fitted 2 cm
apart in the cascade~intensifier section of the tube. The twin cuts
show: in the internal diameter of these electrodes allowed the passage
of the multiplying sandwiches, after the tube was activated. The
hinging action of electrode 10 was removed, being replaced by two
slots which allowed the pagsage of the second multiplying sandwich.
The modified electrode 10 is shown in fig. 39f.(ii).

The processing of the modified tube proceeded similarly to the
earlier tubes described in section 8.1 except for the following
differences, The tungsten mesh ring assembly was clipped against the
inconel frame in the equipotential delay-section of the tube., After
the tube was activated, sealed-off the pump and the photocathode plate
and mica sandwiches moved to their operating positions, the tungsten
mesh was unclipped and brought forward to its final position against

electrode 2, If the tungsten mesh was not required in a particular
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experiment it was removed from electrode 2 and clipped against the
flat window in the processing compartment,

The enlarged area of the photocathode provided a useful increase
in the total number of image elements which could be transmitted
through the tube, The extra annuli in the cascade-intensifier section
decreased the tube background., The four getters absorbed the gas
liverated from the sealing-off process, and also any gas liberated
inside the tube owing to outgassing. The getters would also prolong
the life of a tube going soft.

8,3,1 The collection of photocurrent by the electrodes

The collection of photocurrent by the various electrodes, when
there was no first "electron-gate!" was determined in exactly the same
manner as described for the earlier tubes in section 8.2,1, The
experimental arréngement is illustrated in fig. 41 using galvanonmeters
G1, G3' Gh and G5' The Galvanometer G2 was shorted out, since there
was no first '"electron-gate'.

The variation in the value of the collected currents with the
potential applied to the second "electron~gate" is illustrated in
fig. 56, These curves are very similar to those obtained in fig. 42,
It can be seen that when the voltage applied to the second "electron-
gate" was ¢ 2 volts positive, the current supplied through the
photocathode lead was only ﬁ:1/5th that required when the second

lelectron-gate" voltage was » 4 volts positive. The former current

was needed to supply the loss, to the wall of the equipotential delay=-
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section, of current from the spuriously stored current flowing in
the delay-section of the tube, The equipotential delay-section
collects a current slightly in excess of that being lost by the
spurious storage current; the excess being due to the generation of
extra electrons during photoelectron-~molecule collisions in the
delay~section, This excess current equalled the difference between
the current supplied to the photocathode and that collected by the
equipotential delay-section,

The ratio of the values of lp and 10, which are defined in

section 8.2.2 is ¢1302, When this value is substituted in the eqn

log (1=21_/31 )
p=- <. P mms. Hg.

5427,10°

a value of the pressure inside the tube of p £=8.1O'6 mms, Hg. is
obtained.

It can be seen by comparing the curves in figs. 56 and 42 that
the first "electron-gate!" collected most of the current lost from
the spurious storage current, The very presence of the first
Nelectron~-gate!" caused approximately half of this loss. When the
first "electron-gate!" was removed, the current loss was collected by
the equipotential delay-section.

A value of the fraction of the photocurrent stream reflected
at the photocathode surface upon its return, could not be infergd

from the static measurements made above.
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8.3.2 The further investigation of spurious electron storage

in the delay-~section of the tube

Two methods for the investigation of the spurious electron
storage in the delay-section have been described in section 8.2.7.

A third, more revealing method, will now be described. The experimental
arrangement used for this method is illustrated in fig. 49, The
equipment was operated in exactly the same manner that has been
dedcribed for the third method of shutter speed measurement, described
in section 8.2.6.

‘The calibrated delay pfovided by the gating circuit was adjusted
to be accurate to = 2% over a delay of 0~1,000 muscc, The tungsten
mesh, used as the first "electron-gate'™ was clipped into its position
in front of the photocathode, ond maintained at 20 volts positive,

The equipotential delay~section was held at ﬁ:aoo volts positive. The
oscilloscope was externally triggered by the gating circuit at £ 1Kce/s
frequency. Electron pulses corresponding to the light pulses produced
by the oscilloscope were produced in the tube., The gating circuit
delay was increased from zero until the avalanche output pulse of

2 10 musec duration '"sampled through", in the manner described in the
third method of section 8.2.6, the electron pulse after its first
single transit of the delay~-section of the tube. As the delay was
further increased the electron pulse had sufficient time to complete
three single transits of the delay-section beforevbeing Ngampled!,

The sampled pulse was then occuring when the electron pulse had been
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reflected only once from the photocathode, i.e. the first reflection.
The delay of the circuit was further increased to enable the avalanche
0/P pulse to "sample through" the 2nd, 3rd etc. reflected pulses. The
output of this "sampling" action was converted from a light pulse to
a current by the photomultiplier and recorded using a galvanometer.,
The delay provided by the gating circuit was increased in steps of

1 musec and the galvanometer current recorded. The galvanometer
current plotted against the géting circuit delay, is shown in fig. 57,
The ratio of successive maximum amplitudes can be seen to be & Lho%%.

The ratio of the maximum amplitude of the first reflection to
that of the primary pulse was measured as the voltage applied to the
first "electron-gate" was varied, in steps of 5 volts, from 5 to
100 volts. There was however, no change in this ratio larger than the
estimated experimental error of 15%. All possible variations of the
applied potentials and magnetic flux were obtained and the value of
the ratio indicated was measured. There was, however, again no
appreciable change.

The first “electron—gate" was removed and the ratio again
measured. The value, under these conditions, was within 3% of the
value measured with the gate in place.

Thfeé different tubes were investigated. The mean values of the
ratios measured were 40%, 35% and 30% using tubes having primary

photocathode sensitivities of 55 pA/Im, 15 pA/Im and 40 niA/Lm

‘respectively;
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The fact that the eleétron beom is partially reflected at the
photocathode surface, may be explained as a combination of several
factors..

(a) If an electron in a double transit of the delay-section, loses
more axial energy than its emission energy from the photocathode, then
it will be trapped in the "potential-well" of the delay-section and be
unable to return to the photocéthode. It is possible for an clectron
to lose axial energy, by having it converted to non-axial energy, at
small inhomogeneities in the electrostatic and magnetic fields. A very
small fraction of the electron beam also lose energy by collision with
free-molecules,

(b) It is known, from the work of Bruining(1632that electrons
can be elastically and inelastically reflected from surfaces in a
vacuum, Bruining meqsured the coefficient of elastic reflection, S;efl
of electron beams having an incident energy of 50 eV and less. He
found generally that é&efl increased as the incident energy of the
electron bream decreased. The values of E&efl for Ba0 and Ag are
0*5 and 0¢175 respectively at an incident encrgy of 4eV and 2eV
respectively,

It does not seem improbable, therefore, that an electron stream
returning to a photocathode with emission energy suffers a 30-40%
reflection.

8.4 Goneral conclusions from the performance of the tube

It has been demonstrated in this chapter that a tube comprising
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an electron image delay, an clectronic shutter and a cascade image
intensifier could be successfully constructed employing the techniques
described.

The primary function of this type of tube was to provide a
"fast store™ and VYgate" for a luminéscent chamber camera and a
Cerenkov camera, described in sections 3.5.3 and 3.5.4 respectively.
The tube was required to have an output geometrical resolution of

5

Y 5 1p/mm and a blue light gain of 2 107, in order that single
photoelectrons could be photographically recorded in conjunction with
the tube. The tubes made by the author had a measured blue light

gains of between 104--105 at overall potentials of L5KV. A geometrical
resolution of =5 lp/mm was recorded photographically, when the tube
was gated with & triangular shaped voltage pulse of 30 musec duration.
A visually recorded measurement of the geometriczl resolution, presented
in the next chapter, of 10 1lp/mm was obtained when the tube was gated
with a square shaped voltage pulse of 10 mpsec duration., In both cases
the applied magnetic flux density was +064 Webers/metersz. An increase
in geometrical resolution could be obtained by pulsing the magnetic
coils with large currents, which would increase the magnetic field to
Oe1=1 W/mz. It is seen that the resolution and blue light gain of the
tube were only just adequate to meet the requirements of the Nuclear
physics experiments. The input and output diameters of the tube were

38 mms, which were adequate to meet the requirements. Only Sb-Cs

photoemissive surfaces were used in the tubes constructed. The
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tri-alkali surface, having a higher quantum c¢fficiency, would be

much more useful in detecting a small number of photons, Work is in
progress at Imperial College on the improvement of the performance of
the cascade image intensifier, The improved phosphor screens and

their backings, developed by this group, would improve the geometrical
resolution of the tube., These phosphor screens have increased
efficiencies, which if used in conjunction with tri-alkali photocathode
would increase the blue-light gain of the tube by a factor of =20,
compared with the present tubes constructed by the author.

It was demonstrated that the tube provided a delay of =100 musec
and that the electronic gate could be operated at speeds of at least
10 mpsec, which would be adequate for the Nuclear physics application.
Electronic circuitry was developed which gated the tube fully on for
the duration required, with an estimated jitter of ¢ 10~ Csec.

The main drawback of this tube wag that the delay~section induced
a spurious storage of electron information, because of the partial
reflection of the returning electron stream at the photocathode., This
meant that if a continuous stream of photon information were fed into
the tube, the second '"electron-gate' would gate through the wanted
signal together with a spurious signal., The intensity of the spurious
signal seemed to depend upon the photocathode surface. In the worst
case measured the intensity of the spurious signal would approximately

equal the wanted signal (in the tube having an Sb-Cs photosurface of

55 nA/Im and a reflection coefficiency of = #40), In the best case
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measured, the intensity of the wanted signel would be approximately
double that of the spurious signal (in.the tube having an Sb-Cs
photosurface of 40 pA/Im and a reflection coefficient ¢3), It was
noted in section 3,6 that the use of a P.15 or P.24 phosphor as an
information store; limited the acceptable flux rate of stored events
to 105/sec, if the ratio of wanted signal to unwanted noise were to
be greater than unity. The decay time to 1/e, of various types of

(161)

plastic scintillator has been measured by Dreeskamp and Burten

(162)

and Falk and Katz to lie between 2~5 mpsec, The latter
experimenters found for all the plastic scintillators investigated,
that if a slow-decay component existed, its peak intensity was only a
foew % of that of the fast component, Thus the decay time of the
plastic scintillator limits the acceptable flux rate of particles
through a scintillation chamber to 13108 particles/sec. If the tube
described in this chapter were used to enable the recording of a
particle track in a scintillation chamber, a particle flux of 10
particles/sec would produce a continuocus flux of photon information to
be focused upon the tube, Under these conditions, as has been noted
above, the spurious electron storage would be responsible for a ratio
of wanted signal to unwanted noise at the tube output of just under
unity. The tube using electron transit time information storage would
produce the same signal to noise performance, at a particle flux of

108 particles/sec as a tube using phosphor screeu information storage,

operating at a flux rate of 105 particles/sec. Therefore, the use of
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the tube described in this chapter would enable the satisfactory
recording of a single track from a flux of particles having a rate of
up to 103 times greater than that acceptable in conventional systenms.

During the 1ést three years most experimenters have turned away
from the use of scintillation chambers to the use of spark chambers
for the purpose of track visualisation of a Nuclear particle, The
spark chamber may be used at particle flux rates of up to 5.106
particles/sec., The most important advantages that the spark chamber
has compared with the scintillation chamber are:

a) It can be easily constructed.

') It can be made much larger in size, which enables larger solid
angles to be coverecd and greater angular accuracy to be achieved.
The greater angular accuracy comes only from the greater size, since
both systems have = 1 im resolution.

c) The spark track can be recorded by direct photography, i.e. no
expensive image-~tube system need be employed,

ﬁ) Low density media may be employed, e.g. gaseous hydrogen, which
makes the analysis of interactions easier,

The scintillation chamber may be used to advantage in a limited
number of experiments where its following properties are important:
a) The sensitivity of the chamber to ionisation,

b) The ability to mcasure ranges well,

¢) The ability to operate at higher flux rates than the spark

chamber; if a plastic scintillator is used in conjunction with the
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tube described in this chapter.

This tube can also be used to advantage in conjunction with the
Cerenkov camera in those cases where the particle flux rate available
is greater than that acceptable to conventional systenms.

In general most image-inteunsifier tube systems have an input
photocathode diameter of 1-2", In most Nuclear Physics experiments an
input photocathode diameter of up to 10" is desirable, since geometrica
resolution is lost in the optical demagnification required to focus the
complete chamber onto existing image intensifiers. It is possible to
obtain variable magnification in an inage intensifier, using parallel
electrical and magnetic fields. This method would permit the use of
an input photocathode diameter of approximately four times that of the
elegtron multiplying sandwiches which are used in present image
intensifiers,

The tube may be used to select, in musec time~intervals, any part
of the photon emission from a phenomenon, without the appearance of
spuriously stored information; provided that the selection is completed
within a time, from the start of the photon incidence upon the primery
photocathode, equal to three times the transit time of an electron in
the delay-section. It may be noted that,since no information is passed
through the gate until the initial part of the clectron stream has
completed one transit of the delay-section, only the part of the photon
emission occuring within a time equal twice the transit time of an

electron in the delay may be investigated. It can be seen from fig. 11
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that if a potential of 100 volts is applied to the equipotential
delay~section, any part of the photon emission may be selected up to

% 200 musec after the start of the phenomenon, with a time dispersion

of = 3 musec. If a potential of 20 volts is applied to the equipotentia
delay~section then 500 musec of photon information may be analysed with
a time dispersion of = 15 musec., This "single shot" high speed shutter
action of the tube would be very useful in the recording of a given

part of a randomly occuring phenomenon; the transit time storage of the

tube enabling electronic post selection using counter triggering.
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Chapter 9 The preliminary investigation of a new type

of framing camera

9.1 Introduction

The tube described in Chapter 8 was deveioPed essentially for
the purpose of recording a single frame of photon information. In
many physical experiments there is a need for a device capable of
recording separate frames at rateg of >f109 frames/sec, This chapter
describes a preliminary investigation of the possibility of operating

9

the tube described in Chapter 8 at rates of > 10’7 frames/sec.

The closest approach to this specified performance has been
achieved by Simonov and Kutukov(qos)in Russia using a tube which
incorporated a PIM L electron optical shutter and a cascade image
intensifier, which had a light gain éf 8,000, A framing rate of up
to 108 frames/sec was obtained by these workers. The PIM 4 shutter,
described in section 3.3 produced the first frame by opening to permit
the electron stream to pass through, after which the c.r.t. deflection
plates directed the stream to a given sector of the first phosphor
screen of the cascade intensifier gection., The shutter was then closed
after which the potentials applied to the c.r.t. deflection plates were
altered. When the shutter was reopened for the second frame, the
electron beam was deflected to a sector of the phosphor screen
adjacent to that of the first frame. Successive frames were taken

usiné this proceedure, It must be noted that there is a "dead~time"

between the frames during which information in the electron stream is



231

lost., This type of shutter requires the production of vocltage pulses
of several kilovolts amplitude for its operation and in the present
state of high voltage pulse generating techniques rates of ?108
frames/sec have not been achieved.

The frame-rate of the PIM 4 shutter depends upon the rate at
which the voltage pulses, applied to the shutter, can be produced.

As will be seen later, the delay-tube can be operated as a framing-
camera, whose frame-rate depends only upon the shape of the gating
pulse, Since the shutter in the delay-tube is operated with a voltage
of only % 10 volts amplitude, frame-rates of ¥ 107 frames/sec are
posgible using present techniques.

An illustration of the delay-tube operated in its "framing-mode"
is shown in fig, 58. The framing action of the tube will now be
described operating at a rate of 2.108 frames/sec, It can be seen
from fig. 11 that, with a potential of 500 volts applied to the
equipotential delay section (5),an electron strcam would have a
calculated transit time in the delay sections of 50 musec with a
calculated time dispersion of 0°6 musec.

The delay-tube, as described in Chapter 8, is suitable for
producing successive frames of a narrow line image or of an image of
small dimensions compared with the primary photocathode area, In
fig. 58, area A represents the image area of a phenomenon focused onto
the edge of the primary photocathode (2) by the lens (1). A gating

pulse (8) of 25 musecs total duration is then applied to the first
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"electron~-gate" (3) which allows into the tube a stream of electrons
(10) of 25 musec duration, corresponding to that part of the object
phenomenon which is required to be studied, This stream is then
accelerated to enter the equipotential delay section with an enérgy
of 500 eV, A pair of retangular deflection plates (4) are positioned
outside the tube over a non-conducting region of the equipotential
delay section. These plates, which are =24 cms long and are spaced
27 cms apart, produce a deflection of the electron stream of =5 mnm
in a direction mutually perpendicular to both the magnetic field and
the constant electric field of = 1KV between the deflection plates.
If a line image were investigated, the’plates would be positioned to
provide a deflection across the tube perpendicular to the direction
of the line, Wher the front edge of the electron stream arrives at the
second ''electron~-gate", a gating pulse of 5 mpsec duration allows the
front segment of the stream, of 5 mpsec duration, to pass through the
gate., This pulse of electrons (12) of\5 musec duration, passes through
the cascade intensifier and appears on the outpuf phosphor (7) in the
area B. That part of the electron stream (11), of 20 mpsec duration,
which is not allowed through the second '"electron-gate" is returned
towards the primary photocathode end of the delay~section. When the
electron stream of 20 muasec duration recrosses the deflection region,
it suffers another deflection of the same magnitude and direction as
the first. This stream is completely reflected from the Ilirst

Nglectron~-gate", which is now closed, and returns to the deflection



region to suffer another deflection, The stream returns to the

second "electron-gate" where its front segment of 5 mpsec duration,

is allowed through the gate, to appear in the region C of the output
phosphor, The remaining part of the electron stream undergoes similar
transits of the delay section. Upon each return of the stream to the
second "electron-gate'™ the front segment, having & 5 nucec duration,
is allowed through., The electronic circuitry is required to produce

a voltage pulse of 25 musec duration applied to the first "“electron-gate
followed by a train of framing pulses, each of 5 musec duration, to be
applied to the second "electron-gate'. In this case the delay between
the front edge of the 25 musec pulse and the front edge of the first
framing pulse is required to bé 50 musec, and the dela& between the
front edges of successive framing pulses 105 musec,

Thus it is possible for the tube, operating in the mode described
above, to produce five successive separate frames with no "dead-time"
between each frame, The framing speed is limited by the duration of
the voltage pulse applied to the second "electron-gate!" and by the
time dispersion of the electron stream during its storage in the delay
section. In the particular case described above the tine dispersion
of the e¢lectron stream does not limit the framing rate, since, as will
be shown later, the total time dispersion of the electron stream after
eleven transits in the delay section is only = *77 musec.

The successful operation of the delay-tube in the framing-mode

of operation, depends upon preserving the electron stream in an ordered
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array over & large number of transits in the delay=-section. A
detailed consideration of the conditions necessafy to preserve this
ordered array is presented in the next sociion. This ordered array of
electron information will be termed henceforth the electron~phalanx.

The tube can be used to produce a sequence of frames of a
phenomenon which occurs randomly in time in one of two ways, depending
upon which part of the phenomenon is required to be studied,

If the part of the phenomenon required to be studied occurs
within a time, from the start of the phenomenon, equal to double the
transit time of an electron in the delay section, then the tube may
be operated in the following manner. The first "electron-gate" is
initially held open and allows the electron image of the phenomenon
to enter the delay=-section of the tube, During the delay, provided
by the transit-time storage of the delay-section, the detection systenm,
which records the start of the phenomenon, has time to supply a trigger
signal to the gating circuit., The gating circuit switches the first
"electron-gate" off, and supplies a train of pulses to the second
"electron-gate'" to enable the framing action of the tube to take place
in the manner described above,

If the part of the phenomenon required to be studied occurs after
a time, from the start of the phenomenon, equal to double the transit
time of an electron in the delay section, then the first method cannot
be employed for the following reason, After the limiting time indicated

the front of the electron-phalanx would have returned to the
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photocathode, where it would be partially reflected and become
intermingled with fresh electron information from the photocathode,
Since the initial part of the phenomenon is not required for study,
this time may now be used to enable the gating circuit to be triggered
by the detection system, The first "electron-gate'" is now initially
held closed and only opened by the gating circuit when the light from
that part of the phenomenon required for study is incident upon the
photocathode, The second '"electron-gate" is operated in the same
manner as before,

Thus any section of a phenomenon may be studied, whatever the
duration of the phenomenon. 8Since all the gating circuits are '"locked"
onto the initial signal from the detection system, the problems of
synchronizing the framing camera with the phenomenon, which arise with
conventional framing cameras are overcome, It may be noted that, sinc
the electron information is stored in the delay section, the sequence
of frameés may be taken in any order of their occurence in time., The
sequence of frames may be taken at a constant rate or a rate which
varies continuously throughout the sequence,

9.2 The investigation of the change in lhe temporal distribution of

the electron image with the number of transits made in the

delay~section

Let an electron start from zero energy at the front of the
delay section and be brought to zero energy at the end of the delay

section, where the total distance traversed is d1+d2+d3. The distance



o |

237

d, is the length of the equipotential delay section, and d1 is the

2
distance from the front of the equipotential delay section to the
point where the electrostatic potential first becomes zero (similarly
with d3). Thus d1 and d3 vary with the potentials applied to the

"electron-gates", since these potentials are negative to reflect the
electron~-phalanx,
If a second electron, having an axial energy edV starts from the

same point as the first electron it will still retain an energy edV

_upon completing the distance d1+d2+d3. It was shown in section 4,2

that the difference in transit times A .t over the distance d1+d2+d3

between the two electrons is given by

At =[x {(Zd 24,) (L« -] ) +d, (-2 .)}
j;; 1% VI~ aV+/Vedv 2 W fiad o
) ) ve 1

If a negative potential is applied to the second "electron-gate" the

first electron returns towards the photocathode region after it has
completed the distance d1+d2+d3. The second electron, however, has to
expend its extra energy edV and traverse an extra distance 6d before
it can start to return, Since the field gradient at the end of the

delay section is V/d3,

8d . av
S (2)

LN ] L L 4

Where V is the potential applied to the equipotential delay section,

Now the extra time 24t required to traverse the extra distance is
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given by
316t - 2.8 |
* e LR ] (3)
Where -.:\/-2-%:-3-‘-‘-’
) LI ) LR ] (l})

Substituting eqns (4) and (2) in (3)

d /‘”"'“
¢ e (5)
Now this extra time difference occurs at both ends of the delay
section, Therefore the mean extra time per transit of the second

electron in the delay .section is ~

st _ 2d3+2d,1 dV
mean v ce .. 6)

Thus although the second electron completes the distance d +d +d3 in

a time AT before the first electron, it loses a time §t nean before

it can start- the second trangit of d +d2 30 Let the net difference
in transit times of the two electrons in the delay section be denoted
by dt,

Where dt = At = stmean ~ (73

Fig, 59 shows the variation of dt, A t and Stmean plotted
against the potential applied to the equipotential delay section., The

values of d1, d2 and d.,, in the calculation indicated above were taken

>

as 5 cms, 50 cms and 3 cms respectively., It can be seen from fig. 59

that, under the conditions stated, &t is approximately equal to

mean
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At; i.e. dt is very small. Each frame is taken from the electron
phalanx after it has completed an odd number of transits in the delay
section, The time dispersion in a frame after 1, 3, 5, 7 transits is
given by At, A t+2dt, A t+hat, At+bat., respectively. If a potential
of 1,000 volts is applied to the delay=-section, so that the electron
phalanx returns to the second "electron-gate" every 70 mpsec, successive
frames would have a dispersion of 04270, 0.284%, 0¢298, 0312, 0+325 muse
etce In this case Nt = 0e27 mpsec and dt = 0<007 mpsec, It is seen
that for a limited number of frames /\t makes the much greater
contribution to the time dispersion,

It is possible to eguate At = atmean’ so that dt equals zero for'

a particular value of voltage, by adjusting the values of d1, da'and

d3. The condition for A\t = 8tmean is given by
di ;
a;:a; = 2y 1+dV/V
cand ~
from bhefeqaating_ni_iha+e4nem1 and 6, Since 4V %~ 1 volt and
B M S N
V £1,000 volts, dV << V and
d
2. o
T =2
1t n;)

Thus the time dispersions can be made to cancel out for all values of
potential applied to the equipotential delay-section. In order to
provide the same double transit time of 70 mpsec as that of the previous
geometrical design, d1, d, and d, must have the values d2 = 38 cns,

2 3

d1+d‘5= 19 cms, In this case /At then has the value 04759 mpsec with
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1,000 volts applied to the equipotential deléy section, The value of
dispersion is now a ccnstant, for each frame taken, equal to the single
transit dispersion of At = 04759 musec, since the time dispersions
over an even number of transitsvnow cancel out, In the previous cgse
the time dispersion waé L.t = 06270 mpsec for the first frame, increasin
by 0+¢014 musec for each successive frame., It can be seeh that %6 frames
would have to be taken before making dt equal to zero became
advantageous.

If ‘o linited number of frames are to be taken it is clearly more
advantageous to reduce the value of A t rather than to attempt to make
dt zero, Since, as has been noted previously, the term containing
dqéé;%;n egn 1 makes the overwhelming contributioF to &, it reduces
almost linearly with a decrease in Fhe value d“fﬁ;& It would be
possible to reduce dq(égkto 1°5 cms, from its present value of 8 cums,
i.e. &t would be reduced to =50 psecs (V = 1,000 volts). It is clear
that frame rates in the region 109 - 1010 frames/sec are physically
possible.

The experimental arrangement, illustrated in fig. L9 was slightly
modified in order to undertake the investigation of the temporal
dispersion of an electron stream after prolonged storage in the delay
section. The oscilloscope was replaced by a light source of constant
intensity, which was focused onto the p£otocathode\of the delay~tube,

The output pulse of the first module (M2) of the gating circuit was

applied to the first "electron-gate' which was biased to =8 volts
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negative, The output impedance of the first module (M2) was
mis-matched with its output ceble, in order that the single output
pulse appeared on the first "electron-gate' together with a reflected
pulse, This double pulse was =15 volts in amplitude, with a
separation of %12 mpsecs between the two peaks, The amplitude of the
reverse bias on the first "electron~gate! was such that only the narrow
top of each pulse allowed the electrons through the éate. It was
estimated, by viewing the pulses on an oscilléscope, that the maximum
width of the gating part of each pulse was L5 mpsec, The gating circuit
delay was calibrated against thc time bage of the oscidloscope over a
range 0 = 1,000 mpsec. A Texas 2N706A transistor was used as the
output transistor of the second output module (M2)., This output pulse,
which had an amplitude of = 16 volts, was applied to the second
"electron-gate''s A reverse bias of 10 volts negative was applied to
the second "electron~-gate', in order that the maximum width of the
gating part of the output pulse was = 4 mpsec,

The doubleivoltage pulse, which was applied to the first "electron=
gate!, produced two short electron pulses in the delay section of the
tube, which were''sampled'at the second "electron-gate" by the pulse of
L mpsec duration. The amplified output of this '"sampling' action
appeared on the output phosphor of the delay-tube, where it was recorded
as a current generated by the photomultiplier (P.,M.)s The current from
the photomultiplier, due to the "sampling" action, is shown in fig. 60

plotted against the delay provided by the gating circuit. The potential
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applied to the equipotential delay section was 300 volts,

It can be seen from fig. 60 that the gating pulse on the second
telectron~-gate' "samples" through the two electron pulses after they
have completed one, three, five, seven, nine, ele;en, thirteen and
fifteen transits in the delay section of the tube., It can also be
seen that the pulses slightly broaden and decrease in amplitude as
they complete an increasing number of transité in the delay section
of the tube. The broadening over fourteen transits is approximately
double that expected from the temporal dispersion due to the lev range
in the emission energies of electrons from the photocathode., It can
be seen from fig., 59 that, with a potential of 300 volts applied to
the equipotential delay section, &Mt has a value of ** 1 mpsec, which
is common to all the "sampled" pulses, The accumulative effect of
the net temporal dispersion dt over fourteen transits is = <75 mpsec,
Only this latter temporal disperéion contributes to the observable
dispersion,which is £ 2 mpsec. The difference between the dispersion
observed and that calculated may be attributed to a slight loss of
axial energy which the majority of electrons suffer when making
long-range elastic collisions with free molecules., It can be seen from
fig. 15 that 2 25% of all the electrons originating from the photocathod
will have had a collision when Lhe electron stream has made fifteen
transite in the delay section (the pressure in tube 13 was 8.10" "mms.
Hg. during this measurement), Thils rather poor vacuum accounts for the

fact that the total number of electrons, indicated by the area under
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the "sampled" pulse in fig. 60, fell to 80% of that of the first pulse
after 14 extra transits. It must be noted that tube 13, with which
these measurements was taken, later went soft, It is evident that

the poor vacuum degrades the temporal storage characteristics of the
delay section, It can be seen from fig, 11 that if a pressure of
1.10-7 mms.Hg, were maintained in the delay section, only ¢5% of the
initial photoelectron stream would suffer collisions during 21 transits
in the delay section.

The sharp drop in the amplitude of the eighth "sampled" pulse was
probable due to small inhomogeneities in the electric and magunetic
fields producing successive deflections of the eleciron stream; so
that after 17 transits the sampled pulse arrivéd partly off the small
segment of the output phosphor viewed by the photomultiplier. The
area of the output phosphor was restricted to a small segment in order
to increase the signal to noise ratio of the output signal, since tube
background was present over the whole output phosphor area.

9,3 The deterioration of the geometrical resolution of the electron

image with prolonged temporal storage

It was important to investigate the deterioration of the
geometrical resolution of the electron image as it was stored for an
increasing number of transits in the delay section of the tube. The
experimental arrangement used for this investigation was very similar
to that shown in fig, 49. The test pattern described by Baum(156)was

projected upon the primary photocathode of the delay-tube using the
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Baum microprojector. The microprojector was operated with constant
light intensity. The gating circuit was operated normally to apply
a gating pulse of £ 10 mpsec duration to the first "electron-gate!
followed, after a delay, by another pulse applied to the second
Nelectron-gate!,. The short pulse applied to the first "electron-gate"
allowed a short pulse of the electron image of the fan pattern into
the delay section of the tube, where it was allowed through the second
"electron-gateﬁ after it had completed one, three, five...etc, transits
in the delay section. The calibrated delay of the gating circuit was
adjusted for optimum output resolution at each progressive coincidence
of the calibrated delay with the arrival of the electron pulse at the
copper mesh, The value of the visually measured image resolution,
obtained at the output phosphor, plotted against fhe value of the
calibrated delay at which each coincidence was made, is shown in fig.61,
The gating pulses used were the square voltage pulses of 11 musec
duration, described in section 6.4,2. A potential of £ 360 volts was
applied to the equipotential delay section during the measurements.,
Curve A in fig. 61 shows the maximum image resolution obtained
with a potential of 10 volts positive applied to both fhe first and
second "electron-gates'"; i.e., the tube was ungated. The e.h.t.
potentials 6n each stage of the cascade intensifier section of the delay
tube were adjusted using a potentiometer control box, until the optimum
resolution was obtained, The optimum resolution of 13+5 lp/mm was

obtained at an overall potential of 30KV, which was maintained while
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the tube was gated,

Curve B in fig. 61 shows the change of geometrical resolution
over ten frames. It can be seen that the first frame has a resolution
of 8¢5 1p/mm, whereas the tenth frame has a resolution of 4«5 lp/mm,

9.4 The opcration of the tube at high framing rates

If the delay-tube were operated as a framing camera in the mode
described in section 9.1, a series of gating pulses of very short
duration would be required, The circuitry required for the generation
of such pulses ﬁas been described in section 6,4. It was established
in section 8.2.7 that voltage gating pulses of 22 musec duration and
11 mpusec duration actually opened the seccond "electron-gate! for the
periods of time corresponding to their duration, A slightly more
rcfined technique was required to establish the actual shutter speed
produced by the voltage pulse of 4¢5 musec duration described in section
6.4,3, The experimental arrangement, illustrated in fig. 49, was
modified in the following manner. A Géllium phosphide light-producing
dicde replaced the P.16 phosphor screen as the high speed light source.
It was place& in'closé contact with the front window of the delay--tube,
in order that as much of its light output as possible was transferred
to the primary photocathode, The output pulse producgd'by the first
output module (M.2) was used to switch on the light-diode, which
broke-down und emitted light when reverse biased beyond 15 volts.

This output fulse,which was produced by a Texas 2N706A transistor, had

a maximum amplitude of 25 volts and a duration of 9 musec at an
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amplitude of 15 volts. The sensitivity of calibrated delay, which
was contained in modules M3 and M4, was increased by a factor of 6
by reducing the value of the timing condenser, shown in fig. 2kb,

.....

from 120pF to 20pF. A 1+5%.) resistor was placed between the timing
condenser and the base of the following transistor to damp out any
high frequency transients. The value of the delay, indicated on the
digitized dial of the linear potentiomecter, was then accurately
calibrated against the 1 mpsec/cm scale of the W type sampling

plug-in unit of the Tektronix S545A oscilloscope. The delayed output
pulse, which was of 4e5 mpsec duration, generated in the second module
2 by the circuit described in section 6,4.3, was applied to the second
"electron~gate', A steady bias of 1 volt positive was applied to the
second "electron-gate'" so that only that part of the output pulse above
a 1 volt level allowed the electron stream through the gate, since it
can be seen from fig. 56 that the second "electron-gate' just starts

to allow through the electron stream at a potential of 2 volts
positive, It can be seen from fig, 28 that the gating pulse has a
duration of =4 mpsec at an amplitude of 1 volt,

The experiment was completéd as described in the third method for
measuring shutter speeds in section 8.2.7. TFig. 62 shows a graph of
the current recorded on the Galvonoumeter plotted against the value of
the calibrated delay. The potential applied to the equipotential delay
section during this measurement was 360 volts.

It can be seen from fig. 62 that the rise time of the graph is
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el mpsec ¥ 0+2 mpsec, which corresponds 0 the time during which the

second "electron-gate!" was gated open. This time equals almost

exactly the duration of the voltagefgating pulse. The total length

of the recorded trace is =127 mps;c, so that the actual duration of ~

the light pulse from the diode is 8+3 musec, It appears from the latte{\
<

resplt that the duration of the light pulse from the Gallium phosphide \

diode corresponds almost exactly to the time during which the voltage

pulse, which gated it on, was in excess of the 15 volts breakdown point

of the diode,

The calculated transit time spread, A t, (with 360 volts applied
to the equipotential delay section) is given from fig. 59 as 0+8 mpsec.
It is seen from the experimentallj determined shutter speed of
Leli musec, and the voltage pulse duration of 4 mpsec, that the
experimental value of /At at 360 volts is = Cebk musec ¥ 012 musec.

Fig., 63 illustrates the experimental arrangement used in the
verification of frame rates. The tube was operated by a gating circuit
which comprised one M1 module, one M2 module and six M5 modules, These
modules are fully described in section 6.3. A photpgraph of the
circuit, housed in a Lektrokit chassis, is shown in fig. 22. The
master oscillator contained in M1 was operated at a frequency of
2 Kc¢/8. The collectof excursion of one of the transistors of the
multivibrator was tapped,using a Tektronix probe,to provide an external

trigger for the oscilloscope. As had been noted in section 8.2.7 the

delay between the application of the external trigger to the oscilloscop
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and the appearance of the trace in the centre of the oscilloscope's
screen was 250 mpsec. Therefore the delay in the first M5 module,
which was triggered from M1, was set to = 220 mpsec in order that the
output pulse of 60 mpsec duration opened the first "electron-gate" for
ﬁhe periocd during which the oscilloscope's trace was in the centre of
the graticule. All the other M5 modules provided a variable delay
between an input trigger pulse and two separate output pulses. The
second M5 module was triggered from M1 and one of its two output pulses
triggered the next M5 module., This successive triggering sequence
applied to all the rest of the M5 modules, Those output pulses from
the five M5 modules, not used as triggers for foll@wing M5 modules,
were fed into a matching resistor network through 7582, impedance
sub-miniature cables. This network consists of five 5652 resistances,
each one terminating a 7552 input cable to a common point. The output
of the network is taken from this common point, through another 5652
resistor, by a 7580 impedsnce cable, and is the trigger line for the
output module M2. Thus the output transistor in module M2 is triggered
by a train of pulses which has an interpulse delay equal to double the
transit time of an electron in the delay section of the tube, This
almost perfect matching of the trigger lines to M2 prevents the multiple
reflections of pulses in the lines which would cause the spurious firing
of many transistors in the gating circuit. The loss in amplitude of
the trigger pulses, caused by the matching, is not important since the

resultant train of pulses has adequate amplitude for firing M2, The
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gating pulses from M2 are fed onto the second "electron-gate! through
a single matched 7553 impedence cable,

The delay tube was operated with a potential of 270 volts applied
to the equipotential delay section, in a field of «05 Webers/metersz.
The deflecting plates were operated with a potential of 600 volts
between them, A 60 musec portion of the trace of the oscilloscope was
allowed into the delay section of the delay~tube where it was divided
into a series of frames by operating the delay~tube in the "framing-
modes'" described in section 9,1, The deflection provided by the plates
was perpendicular to the direction of the trace line. The various delay
required in the gating circuit were adjusted to the correct operating
values by monitoring the two output lines using a double bean |
oscilloscope. Fig. 64 shows some photographs of the output phosphor
taken with the tube operating in a framing mode, The sweep speed of
the oscilloscope in all the photographs was 20 mpsec/cm division,

Figs., 64a and 64b show the same five traces; 6ha without the
oscilloscope's graticule superimposed, It is seen from 64b that the
heads of the five traces occured within a 60 mpsec period, i.e. the

tube frame rate was just under 108 frames/sec. The sharp head of each
trace corresponds to the turn-off point of each framing pulse. The long
tail of each trace, which obscurs the turneon points of the gating pulse
is dve to the phosphor decay.

Figs. 6hkc and 644 show the same five traces, one with and one

without the oscilloscope's graticule superimposed. It can be seen from
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the latter figures that the five turn-off heads lie within a 20 mpsec
period, i.e. the frame rate is 2.108 frames/sec, It must be noted
that each gating pulse héd a duration of 10 mpsec. Therefore, there
was a considerable overlap of the total period during which the second
"electron~gate!' was open, compared with the duration of the electron-
phalanx actually "framed".

This overlap was due to the fact that the gate was opeﬂ for
incident parts of the electron~-phalanx, which had been allowed through
the gate on previous transits in the delay-section.

A fan pattern was focused upon the primary photocathode, and the
delay=-tube operated at a rate of 2.108 frames/sec using the experimental
arrangement shown in fig, 63, Fig. 65 shows two photographs taken of
the output phosphor screen of the delay-tube, operated as a framing
camera, Fig. 65a shows the first and the fourth frames of the five
frame sequence; and 65b shows the full five frames taken in 25 musec.
Each frame covers a 2 x 2 mms square area on the output phosphor, The

geometrical resolution at the bottom of each fan pattern is 8 lp/mm,

9.5

e D

The conclusions from the performance of the delay tube as a

framing camera
It was shown that it is theoretically possible to operate the

9

delay-tube at frame rates of 107 frames/sec. It was shown that over
ten frames the intensity and geometrical resolution decrease to
approximately half their initial values. It was suggested that the

cause of this degradation was the rather poor vacuum in the tube. The
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absolute value of thée resolution was between 5-10 1lp/mm over the ten
frames, which could probably have been increased by improving the
homogeneity of the magnetic field and improving the electrostatic field
of the tube by more carefully aligning the internal electrodes.

High framing rates using the electron transit time storage may be
achieved in two ways, both of which depend upon the pulse shape produced
by the gating circuit., The first method is to use a series of extremely
short square framing pulses which gate consecutive parts of the electron
phalanx through the second '"electron-gate". There can be a small '"dead
time" between each frame, so that the trailing edges of the voltage puls
producing a given frame have no influence upon the preceeding and
succeeding frames, This influence, in the form of small perturbations
of the electrostatic field, could reduce the geometrical resolution.

It has been demonstrated, in section 6,4, that sgnare gating pulses
down to 4°5 mpsec duration can be generated, using only one output
transistor, It is considered quite possible to generate pulses of

< 1 mpsec duration using two transistors. The first transistor would
produce the fast rise of the pulse; the second transistor producing the
fast fall of the pulse., The second method for proaucing high frame-rate
is to use a series of quite long framing pulses which possess an
extremely short trailing edge. The frame-rate does not, in this case,
depend upon the duration of the pulse., It is limited only by the

sharpness of the trailing edge. The front of the electron-phalanx is

"sliced-off" by the first gating pulse, and when it returns to the
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second "electron-gato!" the next portion of the electron~-phalanx is
"gliced=-off", by the second gating pulse., This second gating pulse
overlaps in time the part of the electron~-phalanx previously "sliced-off"
by the first, but makes o further small advance into a fresh part of the
electron-phalanx, There is no "dead-time" between the frames in this
case., Since the trailing edge of this type of gating pulse can be

% 1 mpsec, very high frame-rates are feasable, The overlapping of the
trailing edges of the pulse into the period of the next frame may reduce
the geometrical resolution., It can be seen from fig, 56 that when the
second "electron-gate'" is turned fully open, the equipotential delay
section collects ==3% of the photocurrent. Since this current is
unlikely to have been collected from the electron stream in a single
transit of the delay section, it appears that the second "electron-gate'
reflects a very small fraction of the electron-phalanx even when pulsed
fully open, This implies that a small fraction of the electron~-phalanx
is left after it has been "sliced", which could appear in a later frame,
This is seen to be extremely small, and could probably be greatly reduced
by the use of a mesh of lower shadow ratio than that of the copper mesh
employed for the second "electron-gate',

The various time delays in the gating circuitry, described in
chapter six, produced firing "jitters" in the transistors of within
10"10 secs. This circuit M"jitter" is adequate for the operation of the
tube at 109 frames/sec, There was however, a noticeable drift in the

delay times of the delay elements of the circuit, produced by a change
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of temperature. This drift‘can be reduced to negligible proportions
by the careful choice of semiconductor circuit elements and the use of
circuits components having positive and negative temperature

coefficients which cancel out,

There is a limited number of pilcture-points which can be transmitted
through the tube. This number depends upon the geometrical resolution
and the width of the information channel in the tube, When the delay-
tuhe is operated as a framing camera the maximum number of picture-points
per frameiis equal to the total number of picture~points divided by the
number of frames. The tube shown in fig. 66 is intended to utilize the
maximum number of picture~points of the information channel of the tube
in each ffame. The whole area of the primary photocathode (1) is used
to accept the input signal, The electron~phalanx is trapped in the
equipotential deiay section (3), using the two meshes (2 & 4) and is
framed in exactly the same manneyr that has been described in section
9,2, The short pulses of electrons, corresponding to each frame, are
allowed through the second "elecctron-gate!" (4) and are amplified in the
T.8.E, image intensifier (5) section of the tube (the extremely fast
T.S.E; intensifier is necessary in comparison with the slow cascade imag
intensifier, since the latter would retain a memory of the early frames
which would appear in all the later frames), After the clectron image
has been amplified it is accelerated from the last multiplying dynode
and brought out of the magnetic field (produced ‘by the coils (9) ) into

the last section of the tube which is focused entirely electrostatically
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Tt is hoped to be able to decelerate the clectron image from the 15KV
potential required to free it from the influence of the magnetic field,
to an image cross-over point at 2KV, using the cone shaped electrodes
(6). This cross-over point iz situated at the centre of the two pairs
of deflection plates (7). These deflection plates can be pulsecd to
direct each frame of the clectron stream to a different part of the large
output phosphor screen (8). It is hoped to so design the
electrostatically focusing section, that the geometrical resolution
obtained at the last dynode of the T.S.E. intensifier is maintained on
the output phosphor screen. Since the amplitude of the voltage pulse
to the deflection plates, required to produce sufficient deflection,
depends upon the speed of the electron beam, the reduction in the speed
of the electron beam by the cone shaped electrodes makes the use of
only moderately large deflection roltages possible. This reduction in
the voltage amplitude requirement reducesthe complexity of the
electronic circuitry required quite considerably,

All the frames appear on separate areas of the output phosphor,
where they are easily recorded using a photographic canmera af normal
shutter spceds. Since the light from the output phosphor possesses a
long tail decay component, any reciprocity failure in the photographic
emulsion due to very short exposures, is considerably reduced. Work is

in progress at Imperial College on this further development of the

delay~tube,
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