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Abstract

After a brief discussion of the advantages of the photo-emissive
cathede in comparison with other light detectors, varicus forms of imaging
device using photocathodes are examined and compared. It is shown that
a channelled electron-multiplying system has considerable potential
advantages over other types of image tube. The theoretical properties
of such a tube are considered; its resclution and its performance at low
light levels are discussed, together with the possible gain.

The problem of choosing a suitable electrode form is next considered,
and several pcssible dynode systems are discussed. The methods used to
determine the optimum structure are described, and the results obtained
with the various systems are detailed.

Some possible secrndary emitting materials are discussed in Chapter
IV. Experiments with several secondary emitters are described and the
techniques of activation used, together with the yields obtained, are
given, .

Chapter V describes the methods and teehniques used in the construc-
tion of channelled image intensifiers. As a result of work with the
earlier tubes, an improved method of construction was devised which
largely eliminated several problems initially encountered.

In Chapter VI, the rcsults of measurements on various channelled
intensifiers arc siven. The theoretical resolution is in fact obtained,
and this can be further improved b& the use of "dynamic viewing". The
gains of tubes with varying numbers of multiplying stages are given. A
ten-stage tube, working at 530 volts per stage, gave an elcctron gain of
2.10%
be increased by the addition of further multiplying stages, a simple

and a usable blue light gain of 5.104. These figures could readily

process with the channelled tube, and the use of a thicker aluminium
backing layer on the phosphor. It is concluded that image intensifiers
of this type are indeed practicable, their limited resclution being
outweighed for many applications by their small size, high gain and

simplicity of operation, since very modest power supplies are required



in comparison with other intensifiers.

FPinally, sugzestions are made for an improved method of construction,

and a possible application as a colour image intensifier, for which the
channelled tube is uniquely suited, is suggested.
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Chapter I Comparison of various Image Detectors 4.

1.1. Introduction

There exists today in many fields a pressing need for a simple
device which will render visible or recordable optical images of very
low intensity. Such a device would be useful not only to extend the
range of nocturnal human vision, but also in the scientific field for
the study of many phenomena involving faint images. These are found
for instance in the study of weak spectral lines, the investigation of
particle tracks in scintillation chambers, and the astronomy of very
faint objects. In some cases, the need is for a feduction in the
period of observation required, in others for the extension of
measurements to light levels below those attainable by present
techniques. In yet others, however, the total amount of information
available may be limited, so that every possible quantum of light
must be utilised., This is so in the case of a particle passing through
a scintillation chamber, vwhere the whole of the available light way
comprise only a few thousand or even a few hundred vhotons. Under
such circumstances, a detecting device is required which is more
efficient than those commonly in use, and the photo-emissive surface
is becoming increasingly prominent in such applications.

In the next section, the advantages of the photo-~emissive surface
as the sensitive element in an image detecting device are briefly
discussed, in comparison with the two other detectors most commonly

used; the eye and the photographic emulsion.

l.2., Brief comparisén of a few light detectors.
1.2.1. Reguirements of the ideal detector

The most important reguirement of a light detector is that it

should unmistakably record the maximum possible proportion of the

incident photons, giving equal weight to each individual quantum.
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It is useful here to define the concept of "quantum efficiency". This
is the fraction of the incoming photons which produce an observable
effect on the detector, and is normally expressed as a percentage.
Thus, if on average the arrival of one hundred photons results in one
detectable event, such as the emission of a photo-electron, or the
blackening of one grain in an emulsion, the quantum efficiency is said
to be 1%.

The ideal detector would have a quantum efficiency of 100% for
all wavelengths and under all conditions of stimubtion,giving an equal
response to each photen, and would consequently be perfectly linear.
It would responi instantaneously, so as to allow the study of rapid
variations in the input intensity. In practice the quantum sensitivity
of most detectors varies with the wavelength of the incident light, and

often with its intensity and duration alsec.

1.2.2. The photo-emissive surface

Oxidised antimony - caesium layers have been produced with a peak
quantum sensitivity, in the blue, of some 23%.1’2' The mean efficiency
over the visible spectrum is normally taken as 10%. The tri-alkali
(Sb-Na-K-Cs) surface has a rather higher pesk quantum sensitivity of
about 35-40%2' and an extended red and infra-red response, so that its
nean quantum efficiency over the visible region may be taken as about

5 and for all practical

15—20%?’3’4’ The response time is very brief,
purpogses the emission process may be considered instantaneous. In
addition, the resnonse is perfectly linear over many orders of magni-
tude, from the emission of a2 single photo-electron up to the point
where the electrical resistivity of the emitting surface begins to
cause significant variations in potential across its area.
Photo;emissive surfaces can be prepared which will respond to
~any one repgion of the spectrum, from the infra-red to the vacuum
ultra-violet (14,000 - 1,000 K), with a higher efficieney than any

other detector.



1.2.%3. The photographic emulsion

This has a relatively low quantum efficiency ﬁhich varies with
intensity of illumination, and shows extreme non-linearity at high
exposure densities. The peak quantum efficiency for a fast blue-
sengitive film under normal conditions of use is generally taken as
O.l%,6’ 7 although Fellgett8 states that a blue-sensitive emulsion of
].}igrain size may have a peak monochromatic quantum sensitivity of
1.1% when exposed to the very low density of 0.25 above fog. At this
exposure density, however, the information storage capacity of the
plate is too low for most applications. As the density is increased,
more and more photons strike grains already exposed; reducing the
quantunm efficiency and giving rise to the non-linearity mentionel
above. At very low light levels, reciprocity failure is observed.
This causes the quantum efficiency to fall as the level of illumination
is“reduced, until below a certain threshold level the emulsion is com-

pletely insensitive.

1.2.4. The eye

This is the most commonly-used detector and in many respects the

nost efficient, sensitive and versatile. It has a high quantunm
efficiency, though various workers differ as to the exact value.
The scotopic eye appears to have an efficiency in the region of 2-5%
for white lightq’ 10, 1. 14 the photopic eye about 0.2-0,5%. The
peak sensitivities are about five times these mean values.

The eye is usable over the range of scene illumination from

i to 104 ft. lamberts,9 although many hours are required for full

10
dark adaptation to be attained. Reasonable efficiency is maintained
over the region 1070 10 102 £t. lamberts, and the full usable range
of 10ll is many orders of magnitude greater than that of any other
device.

The eye has however a fixed integrating time, variously given
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as 0,1-0.2 %11, seconds according to the experimental conditions.
 This meens that very brief images at a level sufficiently high to
nake them detectable if of longer duration cannot be seen, and
rapid fluctuations in intensity go undetected. 1In addition, im: - ¢
at low light levels which would be detectable with a longer period
of integration remain invisible. It is thus clear that the photo-
emissive surface appfoaches more closely to the ideal detector than
other devices,inqparticular at very low light levels, and the next
section dlscusses possible methods of applying its advantages in an

imaging device.

1.3,  Image Devices

It is possible to devise a very large variety of image-forming
detectors using photocathodes in conjunction with various other
elements, but only the most important of these will be discussed
here. They are:-

a) The simple image intensifier.

b) The cascaded image intensifier.

c) The transmission secondary emission intensifier.
d) The chamnnelled secondary emission intensifier.
e) Television pickup tubes.

f) Electronographic devices.

1.35.1. The Simple Intensifier

This consists essentially of a photocathode and a fluoresceunl
screen only. Electrons from the cathode are accelerated and focus~'
on to the phosphor, and if given sufficient energy will produce an
intensified image. The maximum possible gain of such a tube for a
given accelerating voltage may be calculated from a knowledge of the
cathode and phosphor efficiencies. Mandel 13-

an Sb-Cs photocathode used with a S,AOOOK. light source (i.e. one

discugses the case of
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having the same spectral distribution as sunlight) and an aluminium-
backed ZnS:Ag phosphor. The maximum light gain with an accelerating
voltage of 20 k V is 32. For a blue light input with the same spectral
distribution as the light from a ZnS:Ag phosphor, the gain rises to
about 200, since the emission curve for ZnS:Ag and the response curve
for the Sb-Cs surface are very similar in form, both having maxims at
about 4,500 2. In fact a blue light gain of 100 has been achieved in
such a tube, using an accelerating voltage of 25kV.16

Although at first sight this gain appears quite useful, in
practice the losses in any associated optical system reduce the
overall gain to a very low value. For example, two ideal F/l lonses
used face to face at unity magnification would transmit only 20% of
the emittel light, while losses in any practical system would reduce
this to about 15%, if a transmission factor of 8&% is assumed for
each lens. The useful cain is then reduced to 13. Fibre optics
allow image transfer with slightly lower losses, but the improvement
obtained by their use would still be insuffieient to render the system
practical, even if vacuum tight fibre windows were readily obtainable.

For certain specialised applications, primarily astronomical,
where a photosraphic record is required, these losses can be almost
eliminated by depositing the phosphor on a thin transparent vacuum-
tight membrane, against whieh the photographic emulsion is pressed.l4’15’
Photographic gains of 10016 have been realised in such tubes, using
mica windows 12—15fxthick, with solenoidal focusing, to give a
resolution of 30 1p/mm. over an area approximately lin, in diameter.
Such tubes are limited in their appliecation, however, and for most

purposes econsiderably higher zains are required.

1.3.2. The cascaded image intensifier

The obvious development of the simple intensifier is to cascade

several such tubes in series. It is theoretically possible to do
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this by means of coupling lenses, but the large losses, and the
expense and complication of such a system, make the method imprac-
ticable. 1In 1928, workers in the laboratorics of Philips
Glbeilampenfabriekenl7 suggested the use of several such tubes in
a single envelope, the phosphor of one stage and the cathode of the
next being deposited on opposite sides of a thin transparent membrane.
Barly efforts to comstruct such tubes werc unsuccessful, but more
recently several successful tubes have boen made. The device con-
structed by Zavoiiski ct al}8 is particularly noteworthy, as the
first intensifier to permit photographic recording of single photo-
c¢lectrons.

Tubcs with from'two to five intensifying sandwiches have becn
reported, and light gains of 105 appear to be readily obtainablc}g’ 20.
For instance, Stoudenheimer19 quotes a three-stage clectrostatically-
focused tube as having a light gain of 105 and a resolution of 15 lp/hm.
at the centrc of the screen, falling to 8 lp/mm at a radivs of % in. In
magnetically focused tubes, a resolution of 15 lp/mm across the whole
screen is typically obtained.

Thus the cascade tube is capable of giving high gain with fairly
good resolution. High voltage supplies are necessary, however, values
of 50 kV or nore heing typical. This tube has one great advantage over
- nost other multi-stage intensifiers in that the gain per stage is high ~
up to 100, This means that the variation in brightness of output
scintillations produced by individual photo-electrons will be ::1all,
if non-uniformity in the phospvhor layer is neglected. If the gain
per stage is G, ther.m.s.deviation in the number of electrons
resul ting from the multiplication of a single photo-clectron will be
Vﬁ?; and the fractional deviationvﬁé—, if Poissonian statistics are
assumed. Thus a tubc with a gain of 100 per stage would show a mean
deviation of around 109 in the brightness of the output scintillations,

since this value is determined primarily by the gain of the first stage.
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In contrast with this we may consider the transmission secondary
emission intensifier, with a stage gain of 5, giving a theoretical
deviation of the order of 455%. Thus in the latter tube there will be
many occasions when it is impossible to decide whether a given
scintillation represents one, two, or even three photo-electrons,
whereas such a situation would be very rare in a cascade tube, with

its high stage gain.

1.3.3. The transmission secondary emission intensifier

In the transmission multiplying tube the multiplying material,
usually KC1 or BaFZ, is deposited in a layer a few hundred 2 thick
on an electron-permeable supporting membrane of aluminium oxide. A
thin conducting layer of aluminium is interposed between the two to
avoid charging of the surface, since both aluminium oxide and the
alkali halides are good insulators.

These dynodes are supported in the tube parallel with each other
and with the cathode and screen. In operation, electrons from the
photocathode are accelerated and focused on the first dynode, where
they penetrate the aluminium oxide and aluminium layers to liberate
secondary electrons from the multiplying layer. These secondaries in
turn are focused on the next dynode, and so on. Finally the multiplied
electrons are projected on to the phosphor screen %o give an intensified
image.

The first really satisfactory tube of this typ922 used four
dynodes with KCl sccondary emitting layers to give a gain per stage of
slightly over five, with a primary energy of 4.5 keV. The photon gain
was about 8.104, and the background at room temperature corresponded
to less than 100 el cm 2 sec =. A resolution of 15 1p/mm. was obtaineA.

23

Later tubes™ with five dynodes and a more uniform magnetic focusing
field gave a resolution of 23 lp/mm.

Owing to the relatively low gain per stage, the statistics of
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the tube are fairly poor. Results obtained by Emberson, Todkill and
Wilcock23 appear to show that the brightness distribution of ocutput
scintillations for single photo-electrons is exponential, so that an
even wider variation is observed than if the multiplication process
were Poissonian, as is usually assumed. There is a finite possibility
that any given photo-electron will produce no output scintillation at
all, and Emberson et al. estimate that about 20% of the photo-electrons
are lost at the first dynode in this way when the gain per stage has
its meximum value of 5. Recent experimental work at Imperial College
suggests that this figure may in fact be very much higher - nossibly
as high as 60%.

The use of the alkali halides for secondary emitting surfaces has
certain disadvantages. The yield is found to fall off under electron
bombardment, as chlorine atoms are liberated from the crystal lattice.
The free chlorine then attacks the photocathode, causing a fall in
sensitivity. The rate of decay of secondary emission yield with
bombardment is somewhat uncertain: for KC1, Anderson21 quotes a fall
of 50% in the yield after bombardment with a total charge of 72ricoul/cm2
Ba F2 was rather better, the initial yield of 8 per dynode falling by
only 3% on bombardment with this quantity of charge. 1In contrast to
Anderson's results, Todkill of this department found that a charge of
25 millicoul/cmg was required to reducc the yield of a KC1 dynode by

50% : a laerge discrepancy.

1.3.4. The channelled secondary emission intensifier

The channelled image intensifier was independently proposed by

McGee24 25

development of the well-known photomultiplier. Photomultipliers are

and by Roberts and Kruper ~ in 1953. It is essentially a
commercially available which will give an electron gain qf lO9 at an
overall voltage of only a few kV, and it is clear that an imaging

device with similar characteristics would be extremely valuable.
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To achieve the desired image-forming properties, it is necessary
that during the multiplication process electrons originating from a
given area of the photocathode should be kept separate from those
originating in other parts of the surface. This is most conveniently
done by using a channelled electrode system, so that in effect an
array of nmimuite photomultipliers is used, one for each elementary area
of the photocathode. After multiplication the electrons are projected
on to a suitable detector - normally a fluorescent screen. The resoltt
is intrinsically limited by the dynode structure, since brightness
variations smeller in size than a single channel diameter will not be
distinguishable. On the other hand, the resolution is indevendent of
the number of stages, so that many stages of multiplication can be used,
to give a very high gain without further loss in resolution.

The voltage requirements of such a tube are very modest in com-
parison with those of other high-gain intensifiers: satisfactory
secondary emission yields can be obtained with primary electron energies
of only a few hundred electron volts, so that a potential of a fow kV
suffices for the multiplier section of the tube, while an accelerating
voltage of the same order is required for the phosphor stage. Since
the focusing is purely clectrostatic, no focusing solenoids, with their
stabilised current supplies, are required, and the E.H.T. suprly neced
not be highly stabilised. The dynode structure of a channelled tube is
extremely short {one or two cm.) compared with those of other tubes, 2nd
the construction of tubes of large sensitive area should be possible,
since the very solid dynode structure may be made to suppbrt the end
plate of the tube. This renders the channelled intensifier potentially
ideally suited to such applications as X-ray fluoroscopy and fibre
scintillation chamber observations, wherc the small sensitive area of
other intensificrs is a serious handicap. In the latter case, the
limited resolution is comparatively unimportant, since the sci-rillat.

fibres used are not normally less than + mm. in diameter26. Another



13,
potential field of application may be in various satellite experiments,
where power supplies are strietly limited, and the use of magnetic
fields must be avoided as far as possible, sinece their presence causes
difficulty in maintaining the attitude of the satellite. Here the
electrostatic focusing of the channelled tube and its minimal power
requirements, together with the small physical size, should nrove

valuable advantages.

1.3.5, Television pickup tubes

In a television camera tube the incoming light image is transformed
into an electrical image, normally in the form of electric charge stored
on an insulating target. The electrical image is then discharged,
generally by means of a sharply focused electron beam, which is scanned
across the surface of the target so that the whole surface is discharged
in a short period of time, of the order of .04 second. As the electron
beam discherges each image point in turn, the instantaneous discharge
current is proportional to the quantity of charge stored, and consequently
to the intensity at the corrssponding point of the original light image.
Thus the spatizl intensity distribution of the light image is transformed
inte a time-varying electrical signal, which can then be handled by the
usual techniques of electronic engineering. Normally the signal is
amplified, and after the addition of synchronising pulses, is transferred
to the display device, which may be at a considerable distance from the
camera. 1t mny however be magnetically recorded, so that the original
image is conveniently preserved for later usc.

Fundamentally, the sensitiviiy of a television camera tube is
limited by the efficiency of the photocathode, as in other photo-
electronic devices. In practical devices, however, the noise of the
scanning beanm, or that introdueed by the head amplifier, is much greater
then that due to the process of photo-emission, and it is thesc factors

vhich normally limit the sensitivity of camera tubes.
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Attempts have been made to alter this situation by adding one or
more stages of intensification prior to the scanning process, so that
the level of the incoming signal is raised to 2 point where beam and
amplifier noise are of minor importance. According to Morton27, an
image orthicon with a singlc stage of intensification can resolve a
200-line picture at a cathode illumination of 1070 t. candles, whereas
a selected wide-spaced image orthicon of the normsl type requires a

5 ft. candles to give the same resolution.

cathode illumination of 5.10°
A tube with three stages of intensification is said to allow the
observation of gingle photo-electrons. Such tubes are very complicated
and expensive, however, requiring a large quantity of auxiliary equip-
ment in addition to the normal television channel.

It can thus be seen that although television systems have many
advantages, in particular the facilities for remote display and read;-
recording of the image, they are unlikely to find wide application for
work at very low light levels, owing to the cost and relative complexity

of the associated electronic equipment.

1.%.6. Electronographic Tubes

In elegironographic systems the output element is an electron-
sensitive emulsion on to which the electrons are accelerated and focused.
Since each clectron may produce a large number of developable grains, a
valuable gain in sensitivity over unaided photography can be attained.
An additional advantage lies in the fact that electronographic emulsions
are extremely fine-grained, so that a large quantity of information may
be stored, while the respmse is considesrably nore linear then that of
a photo-sensitive emulsion, which is normally exvosed to a much higher
density in order to give reasonable information storage.

Successful continuously-pumped tubes in which the cathode and
emulsion are in the same vacuum compartment have been constructed by

28, 29, 30, 31.

Lallemand and his co-workers. In these devices the
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emulsion is refrigerated to reduce poisoning of the photocathode
by organic vapours. Gains of up to 100 in exposure time over unaided
photography are reported, with a resolution of 70 lp/mm. Lallgmand et al
-also found that for I1ford G5 muclear emulsion tne developed density is
provortional to photocathode illumination over a brightness range of
more than 10:1.

Sealed-~off tubes based on the same principle have been constructed
by MeGee and Wheelerzz’ 3. These tubes are terminated by a thin vacuum-
tight mica membrane 6—8‘/; thick, and 0.5 cm. x 3.0 cm. in area. TFhoto-
electrons arec accelerated to 50 keV and focused on this window, against
which the emulsion is tightly pressed. About 75% of them pass through
the miea, striking the emulsion with energies ranging from 10 keV
upwards. The mica window takes on & pronounced curvature under
atmospherie pressure, so that glass-backed plates are unsuvitable, and
nuclear siripping emulsions have normally been used. A resolution of
48 lp/hm. has been obtained with a window 6 - thick, and McGee and
Wheeler guotc for Ilford G5 emulsion a photographic speed gain of ten
over Tri-X exposed to the same density. It should be noted, however,
that when both emulsions are exposed to the same density, a ruch larger
quantity of information is stored on the_fine—grained electronographic
emulsion, and it seems probable that the ﬁerformance of this tube is
comparable with that of Lallemand's device. It is however wuch more
compact, long-lived and simple to use.

A tube of intermediate type has been studied by several
workers?4' 35, 36, 37. .In this, an electron permeable membrane is
used to isolatc the photocathode from the emulsion, both compartments
being separately pumped. The membrane can be made extremely thin, as
it is not called upon to withstand atmospheric pressure, so that the
clectrons pass through it with little loss in energy. The emulsion

gt be placed asclose as possible to the membrane, however, so that

resolution is not lost owing to seattering during transmission. OSuch
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tubes have not in general proved satisfactory, although work on thenm
ig still in progress.

It is clear that electronographic tubcs are valuable where a
photographic record is required and a moderate gain will suffice,
but their apﬁlications are strictly limited owing to the high working

voltages required and the consequent high dark current.

From this brief examination of the range of practical photo-
electronic image fubes, it may be seen that no really simple high-
gain intensifier is yet available. The channelled tube offers promise
of being such a system, and it seems certain that in many applicatiorsz
its advant=ges would outweigh the handicap of limited resolution. The
remainder of this thesis describes work done on the problems of con-

structing such a device.
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2.1. Statistics of the multiplication process

The question of the statistical distribution appropriate to the
emission of secondary electrons is one of considerable interest. If
all the secondary electrons emitted are completely independent of one
another, the numbe} of secondaries produced by a single primary will
follow a Poisson distribution, and this is the form considered by
Zworykin and Morton,38 and by Morton?9 Then, if one primary electron
produces Y scoondaries p primary electrons will produce n secondaries,

where n = puv
and E-_(-\ = y E’—é + P oV
= V"D + D¥

Then, if No primaries enter an r-stage multiplying system with mean

stage gain ' the number of electrons leaving the system is given by
- -1 -—
Nr = 3 NO
and AW, - T @Faen B L

7 Nr — N P AN~
. = o 5 _1
=N RS
AN, N

Thus, if 3 is large, the signal to noise ratio is decreased by a
factor Jﬁf—tfijﬁg_

In fact, however, measurements on the signal-to-noise ratio of
electron multipliers yield results not in agreement with the above expressior
For example, using Morton's valuas for the parameters of the RCA 5319,
one may calculate a change in signal to noise ratio of 13%% during
multiplication, whereas the measured change is actually 19%.39' This
indlicates that the r.m.s. deviation of the distribution is greater
than that assumed, so that the assumption of a Poissonian distribution
must be incorrsct. Ziegler4l arrives at the same conclusion by
studying the dcviation for interactions resulting in small numbers of
secondaries. He sugrests that secondarics resulting from the same

primary are not independent of cach other, since the escapc probability



18.
of an electron depends on the denth at which it is liberated. The
figures quot.d by Ziegler indicate a change in signal-to-noisc ratio
of some 20f—30%, depending on the primary voltage, for a multi-stage
device. This is in passable agreement with Morton's cxperimental
results.

According to Ziegler, the large r.m.s. deviation precludes the
presence of o maxirua in the distribution curve, as would be found
with a Poisson distribution. Lombard and Martin42 come to the same
conclusion.

Several worker523’ 43. have reported an exponzntial pulse height
distribution at the output of a yphotogmiltiplier, for single input
electrons. It can be shown that a sufficient (but possibly not
necessary) condition for this output distribution is an exponential
distribution at cach multiplication. An exponential output ciseri-
bution giveg a fall in signal-to-noise ratio on multiplication of 307,
(See Appendiz Ia) and is consequently not in good agreement with

Morton's resultis.

2.2. Minimun light flux detoctable by a channelled tube

The minirum flux detectable by any photosensitive device is
determined by two factors:

a) The random nature of the photon stream and the conscquert

statistical fluctuations.

b) Tioize generated inside the detecting device.

In th; case of a multiplying tube, b) may be sub-divided.

i) Statistical noise generated in the vhoto-emissive process.

ii) Statistical noisc generated in the multiplication process.

iii) Spurious cmission.

i) Owing to the comparatively low efficiency of the photo-emissive

process, the signal-to-noisc ratio of the incoming signal is scverely
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reduced at this stage. The arrival of photons is knowm to obzy a

44

Poisson distribution, = so that if only first-order int~ractions occur
at the cathode the photo-clectron distribubion must also be Poissonisn
(See Appondix Ib). Then, for a photocathode with a quantun efficiency
of 10%, the signal to noisec ratio of the input will be reduced by =2

factor /IO  during the vrocess of photo-emission.

ii) The change in signal to noise ratio due to the multiplication
process is remarkably small, and more or less independent of the

actual gain, if this is large. The exact figure depends on the
probability distribution of the secondary electrons, but for the

purvoses of this examination, a loss of 305 in signal-to-noise ratio

is assured. This is the fall produced if the properties of the system
are such that single photo-elcctrons give an exponential pulse height
distribution at the output. Such a distribution appears to b» the one
nost ecommonly observed by experimenters, although there is a considerable

amount of controversy on the subject.

iii) In theory there arg many possible sources of dark emission, but

in practice only two are of importance. These are field emission and
thermionic emission. Field emission becomes important at field sfrcngths
greater than 106 volts/cml.‘5 , which is considerably higher than the
designed field strengbh in most intensifiers. Unfortunately it is
almost impessible to eliminate microscopic irregularities on the
surfaces of the tube walls and electrodes, and the local field strength
at these points may attain extremely high values, so that they form
sources of spurious emission. Sharv edges on electrodes also may be
troublesome, but these can be largely eliminated by the use of suitable
techniques. Since field emission from these sourres is a very variable
phenomenon, and is not & fundamental limitation, but a matter of

technique, only thermionic emission will be considered in the following
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theoretical discussion.

In a neoraal tube, the only important sources of thermionic emission
are the photosurface itself and any other surface in the tube which has
been caesiated during the activation of the photocathode. The latter
source can be'effectively elinminated by careful design, and thermionic
enission from the photocathode can be rcduced to a very low level, by
.suitable processing. TFor example, Sharpe quotcs an experimental Sb-Cs
cathode of 4% peak quantum efficiency as having a dark current of
2 61, cm. "2 sec.”t although for a normal Sb-Cs surface of 16% peak
quantum efficiency he quotes a dark current of 4,000 el. cm..2 sec.
at room tempcrature. Other workers have claimed substantially lower
figures; e.g. McGee, in a private communication, has described an Sb-Cs
cathode with a sensitivity of 40 A A/1m, or about 10% pesk quantum
efficiency, which had a dark current of only 1 el. cm. -2 sec, -1 =5 0° c.
A1l these figurcs can be grcatly reduced by cooling the photocathode,
aithough the high registivity of the Sb-Cs cathode precludes its use
below CO, snow temperature.

The tri-nlkali surface, in spite of its greater red and infra-red
sensitivity, gives in general less thermionic emission than the Sb-Cs
cathode; Engstrom et 31.4 quote a figure of 1,000 el. c:m.-2 sec._l at
foom temnerature for a cathode of unspecified sensitivity. Also, the
tri-alkali cathode has a comparatively low resistivity, ~nd can be cooled
to liquid air temperature, with a large drop in the thermionic emission.

Thermionic emission, like photo-emission, is a random process, and
the statistical fluctuations in the rate of emission present themselves
in the fornm of noise, which is additive with that inherent in the photo-
electron strean.

Now let us donsider a single picture-element, corresponding to a
single channel of the system. Assume N photo—elgctrons/sec. and Nt
thermal clectrons/sec. are cmitted from this area, and consider an

observation tine t.
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Poissonian statistics are applicable, and the standnrd deviation of
the total nwiber of electrons is given by \/ﬁfﬂinﬁzg.
The smallest detectable change in signal is then given by K\/ﬁg—l—ﬁzg_,
where K is the "coefficient of certainty", and defines the minimum
signal to noise ratio which can be detected with rcasonable certainty.
A further factor d, which will always be less than 1, must be introduced,
to allow for the loss in signzl-to-noise ratio during multiplication.
If then a half-tone image is being viewed, and it is desired to dis-
tinguish B scparate brightness steps, the number of photo-eclectrons
required at the brightest picture points is given by

Nt = BEJE__ & + N3

max
This ecxpression is not exact, since the minimum distinguishable

brightness change will be smaller than this in regions of lower
brightness, but it will scrve fto form an estimate of the number of
photo-electrons required.

In early work on this subject,lg’ 4t.

K was commonly taken as 5,

a value which would ensure almost complete certainty of detection.

This is a rnther pessimistic figure, however, since in images which
exhibit a definite structure, zs opposed to a random distribution of
half-tones, a value for K of 2 or 3 gives quite acceptable images.
Here, the conservative value of 5 will be assumed. B may be taken as
10, which is sufficient for quitc a good picture. 1 mm. picture points
have been satisfactorily used in channelled intensifiers, and for a
tri-alkali cathode, Nt

For visual observation, t = 0.1 sec., the integration time of the eye.

may then be taken as 10 el/sec/picture point.

d = 0.7, for an exponential output distribution.
1 .
Then 0.1 N . =5 %10 x 5= JO. N +1

X max
Nmax = 51,000 photo electrons/picture point/ sec.
With a tri-alkali cathode of 150 ;x.A/lm sensitivity, this requires

an intensity of illumination of 5.1 .10-6 f£. candles of tungsicn light.
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If a distant perfectly diffusing white surface, illuminated with
intensity Io’ is imaged on the cathode by a lens of transmission T
and relative aperture F, the illumination on the cathode will be

Ic = IO x Tx F2
4

For an f/l lens with 2 transmission of 80%, Ic = 0.2 Io' so that
if Ic has a value of 5.10 = ft. cd., Io must be 2.5.10-5 ft. cd.

As an illustration of the practical meaning of this figure, the
intensity of illumination at the earth's surface on a clear moonlit
night is about 1072 ft. cd., while on a clear starlit night with no
moon the intensity is about 10—4 ft. cd. Thus, although the spectral
response of the cathode would not be perfectly matehed with the spectrum
of the incident light, the sensitivity should be ample to give a satis-
factory image by starlight alone.

For use with detectors other than the eye, the integration time
may be varied, the limiting light level varying inversely as the
integrating time. Thus, for t = 1 minute,

IO becomes 4».110-7 ft. cd., approximately,
while for t = 1 hr., IO falls to 7.10 7 ft. candles.

In practice, refrigeration of the cathode would be necessary for an

9

hour-long exposure at this level.

If the resolution of the tube is increased, the sensitivity falls:
it is inversely proportional to the square of the linear resolution.
It seems unlikely that the channel size can be reduceé below about
0.2 mm.; the limiting light level for a half-tone image would then rise
to 6.107% £t.cd., so that a recognisable image shoulg still be obtained,
even by starlight..

In applicatiorswhere half-tone discrimination is not required,
mach smaller light fluxes may be detected. Using the previously-
assumed values for the parameters, the béckground count of the tube

would be only 10 electrons/picture point/ sec. Thus if the tube were
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gated by pulsing the potential of one of the clectrodes, faint images
of brief duration could be detected with considerable certainty, since .
the background could be reduced almost to zero. Single photo-elecetrons
would then be detectable, so that observations could be made of such
‘phenomena as particle tracks in scintiliation chambers. The relatively
low gain pér stage would make the statistics of the tube rather un-
favourable for such an application, particularly as a fairly large
proportion of photo-electrons are lost in the dead area of the first
dynode. Also, something between one and five per cent of those photo-
electrons entering dynode cells would produce no output signal, the
exact fraction depending on the yield of the surface and the efficiency
of extraction of secondary electrons.. The very high gain available,
however, would render such tracks readily visible and enable them to
be photographed.

Perl and Joneszé' for instance, quote 2 rate of photon production
of 40,000 ph/en. for a minimum ionising particle in a typical scintil-
lator plastic. Then, in a typical chamber system they calculate thaf
5-10 electtons will be produced at the cathode for each em. of the
particle's pnth. The information about the path is thus extrenely
sparse - about 1 photo-eleetron/mm. of track - so that the high gain
of the channclled tube is very useful, Further, owing to the finite
depth of the chamber, and the large aperturc of the optical system,
the resolution is intrinsically very poor, and the limited resolution
of the channelled tube is not a serious disadvantage, Perl and Jones
consider two standards of definition: - 1 mn. and 0.5 mm. Tubes with
channels of these dimensions have already been constructed.

Attempts to avoid the limitations due to depth of focus diffi-
culties have led to the development of the filamentary chamber. 1In
this the scintillator plastic is disposed in thc form of fibres, which
act as light pipes to transfer light from the track to an outside face

of the chamber, Altcrnate layers of fibres are arranged at right angles.



24,
to allow location of the track in three dimensions. Again, the
resolution is not better than about % mm., since smaller fibres give
too low a light output at their ends for satisfactorj detection. TFox
a chamber with‘l mm. fibres, Condon48 quotes an average of 190 photons
at the end of cach fibre for a minimum—ionising track. This is a
factor of almost lO4 below the level detectable by the fastest photo=-
graphic emulsion, but would give quite a bright image on a tube of the
type discussed.' In this connection the possibility of producing tubes
of large sensitive area is of great interest, since the usefulness of

a scintillation chamber increases rapidly with its size.

2.3, Gain
So far, the gain of such a tube has not been discussed in detail,
since within reason it may be increased to any desired value. As an
example, we may consider a 15-stage tube with a gain of 3 per stage,
which appears to be readily achievable, giving an overall electron
gain of 1.4.107. If the amplified electron stream is then projected
on to an alumirium-backed ZnS:Ag phosphor by an accelerating potential
of 10 kV, each electron will release in the forward direction about
500 photons, so that each single initial photo-electron will produce
about 7.109 outpit photons (These figures are based on the results of
9
).

Bril and Klesens Then for an element 1 mm. square, assuming an
integrating time of 0.1 second for visual observation, the rate of
emisgion is 7.1012 ph/cmz/sec. This level - about a factor of 103
below peak white in a television image - is readily detectable by the
vhotopic eye, «nd is almost three orders of magnitude above the level
required to expose a fast photographic emulsion (109 ph/cmz), so thet
even allowing for optical losses, a photographic record would be

readily obtained.
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2.4, Resolution

When the gquestion of resolving power in a channelled system is
considered, it is secen that the situation iz rather different fron
that obtaining in the casce of most other imaging devices. In nost
systems, a voint source is imaged as a more or less diffuse spot, and
the limit of resolution is renched when two such spots are too close
together to be distinguished with certainty. In a channelled tube,
however, a point source is imaged as a rather sharp spot of approxi-
mately the same dimensions as a single channel, this being the size of
a picture element in the output image. Thus in general two point
sources will not be distinguishable unless they stimulate two separate
channels, and image details smaller than one channel diameter will be
lost, the brightness of each picture point in the output image depending
only on the mean brightness of the correspondihg area of the input image.

An additional feature of the channelled system is that the picture
points will normslly be asrranged in a geometrical array, and if
geometrical figures are imaged,.interference between the two patterns
may occur, giving a Moire fringe effect. The importance of this effect
will depend on the form of the tﬁo patterns, and on their relative size
and orientation. This effect is discussed later in more detail.
Cell Form Before proceéding further, it is necessary to consider the
cross-sectional form of the channels to be used. As described in
Chapter I1I, the dynode structure finally selected was one in which
each cell of a dynode consisted of a short cylinder, its end faces
parallel to cach other, but 2t an angle to the axis of the cylinder.
This cell form then results in é picture point of elliptical shape,
the selected angle of 55° giving a ratio of 1.22 : 1 between the major
and minor axes., PFor reasons of simplicity, however, this discussion
will be restricted to the case of circular nicture elements., The
results nay readily be carried over to the casc of elliptical picture

points, the only change being a variation of 1.2:1 in the resolving
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power along direections mparallel to the minor and major axes respectively.
The channels are best arranged in a two-dimensional version of the
hexagonal clese packed structure, since this cnables the maximum

number of channels to be accormodated in 2 given cross-sectional

area; the dead space between the channels occupies only 9% of the

total electrode area.

It is convenient to consider the image of & Foucault test pattern,
i.e. one congisting of parallel black and white bars of eaual width.

Fig. I. shows clearly that the limiting resolution of a channelled
tube for such a pattern will depend rather critically on the state of
alignmment between the pattern and the dvnode structure. The maximum
resolution is obtained when the test bars are accurately aligned with
rows of cells in the dynode (Figs. Ia & 25a). For cells d mm. in
diameter, the rosolution is then iT%ZE 1p/mm., since the linecs of
centres of adjacent rows are separated by 0.87d mm., This is a speecial
case, however, since such a pattern can be resolved only if the spacing
is exactly correct; slightly coarser or finer patterns result in a
"woating" effeect of the tyve mentioned earlier, producing widely spaced
Moiré fringes at the output screen (Fig. 254). Further, in general the
alignment will not be perfect, and varying states of misalignment will
give different spurious effects. If the pattern is translated laterally
by half a channel diameter, the image is completely lost, since electrons
from each illuminated bar on the photocathode are then divided equally
between two neighbouring rows of cells. If the image is rotated through
a small angle, a zig-zag pattern results at the ocutput (Figs. 25b and ¢).
A pattern at the limit of resolution can thus only be resolved if it is
of exactly the right spacing and arranged in one of three angular dis-
positions rclative to the dynode, these being at intervals of 1200.

In the peneral case of random aligiment betweon dynode and test
pattern, good resolution is maintained down t07ﬁr*lp/ﬁm. (Fig. Ib),
although line patterns down to 1/3d 1p/mm can be distinguished with
difficulty.
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It is of interest here to note the improvement in contrast
resulting from the use of cells with finite wall thickness. It will
be scen from Fig. Ia that the boundaries of cells in adjacent rows
overlap slightly, so that when a pattern at the limit of resolution
is imaged, those cells in the dark bars of the pattern will receive a
small amount of light from the adjacent illuminated bars, if the cell
walls are sulficiently thin. .As the thickness of the cell walls is
increased, however, more and more of this unwanted light will fall
upon the wall section and be absorbed, so that the contrast of the

final image will be improved.

2.5, Dynamic viewing
Yhen viewing an image with a channelled tube, it is found that

the definition and overall apnearance of the image are much improved
if the tube as a whole is kept in motion in the plane of the image.

The improvement is not subjcctive; it can be photographed (Pigs. 26
and 27). It is due to an integrating effect,as channels in varying
states of alignment with the details of the image are swept across
them. This results not only in improved definition, but also in a
more acceptable output image, since the pattern of the picture elements
is rendered much less obtrusive, and irregularities in the multiplication
process ard the phosphor scrcen are smoothed out.. This "dynamic
viewing" is possible with the channelled tube because the secondary
emission process is extremely rapid; the only lag in the systen is

that introduced by the output phosphor.

A similar phenomenon is observed with fibre optics, where an image
is transferred from point to point by an array of transparent fibres
acting és lisht pipes. Each fibre transmits the light from a single
picture elencnt, so that the resolution propertics of the array are

50

very similar to those of a channelled tube, Kapany et al”” have

derived an cxpression for the improvement in resolution obtainable by
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noving both ends of the fibre system in synchronism. Although their
analysis is somewhat doubtful, the factor of 2.12 which they quote
for the improvement in maximum resolution appears to agree fairly well
with experiment, since patterns rather more than twice as fine as in
the static liniting case can be resolved (see Chap. VI). A more
important point is that the spatial frequency response is now contin-
ucus, and the "beating" effect previously mentioned is no longer
observed. In addition, patterns are resolved in all states of align-
ment with the dynode structure, so that a very real increase in the
information content of the image is obtained. Fig. 2 gives a qualitative
idea of the spatial frequency response in the two cases, Fig. 2a
reprosenting static viewing, and 2b dynamic viewing. In Fig. 2a the
isolated peak at E% 1p/rm. corresponds to the limiting resolution;
patterns slightly coarser than this are not resolved. In 2b, however,
the response is continuous down to better than %-lp/ﬁm., so that the
increase in the useful, continuous, portion of the curve is roughly
equivalent to that which would result from an ordsr of magnitude
increase in the number of channcls; a very valuable gain. In practice
the effect might be utilised cither by mechanical movement of the
whole tube or by synchronously sweeping the input photo electrons
across the first dynode and the output electrons across the phosphor.
Ideally, the oscillations in the two mutually perpendicular directions
should be random in amplitude and frequency, but it seems probable

that a simple rotatory motion of the tube would prove quite satisfactory.

(Egﬁg: The values for the resclution given in Fig. 2. do not apply to
dynodes with circular cells, but to the practical case of dynodes cut
at 55°. They are measured in the direction parallel to the major axes
of the cells, and are consequently poorer by a factor of 1.22 than in

the case of circular dynode cells.) .
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2.6.  Cell size, dynode arca and picture quality

Dynodes with cells 1 mm. in diameter are readily constructed,
and are found to be extremely strong and rigid. Those with % juiaW
channels are notably less solid, and it seems improbable that the
channel size can be reduced below akout 0.2 rm. with the present
techniques. ' BEven this would present great difficulty, and it is
felt that 0.4 mm. represents a more practical figure which gould be
attained with reasonable ease. This would then represent a limiting
resolution of 2.5 1p/mm. in the dynamic case; quite reasonable
definition.

An alternative to reducing the channel size lies in an increase
in the arca of the dynode; with 1 mm. channels, an edge~supvorted
dynode 10 cm. square is probably feasible, giving a total of 10°
picture points, equivalent to a 100-line squerc teclevision picture.
Although this is considerably below the standard of the B.B.C.

transmissions, many televisibn sots in domestic use display pictures
of very little higher quality. This area could be still further
increased if the dynodes were supported over their entire surface,
either by an insulating material deposited on the edge of the cell
walls, or by a mica grid structure with apertures a few centimetres
across. In this case, the dynodé size could probably be increased to
something in the region of 25 cm. square, giving 6325.104 picture points.
‘With dynodes of this type, a small image could be magnified, either ‘
optically or electron-optically, to cover the whole dynode area, and
the output imnge could if necessary be demagnified, with a consequent
further brightness gain.

Pig. 3, rceproduced from "Television" by Zworykin and Morton,
gives an idea of the picture quality given by varying numbers of
picture points. Pig. 3a shows au image corresponding to that given
by a dynode 7.5 cm. square, with 1 mm. picture points, while Fig. 3c

corresponds to that given by a similar dynode 22.5 cm. square. From
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this it may be seen that even 10 cm, dynodes would give a very satis-
factory picture, while 25 cm. dyﬁodes would give images acceptable for
almogt all purposes. The actual resolufion, in 1p/mm, would be closely
similar to that of Fig. 3a, in which the picture points are 0.9 mm square.

Alternatively, dynodes of smaller area and with correspondingly
narrover channels might be used to give pictures of equal information
content and higher resolution, althourh it is gquestionable whether the
resolution as such is an important parameter for visual observation,

It is of interest here to note that in a typical newspaper photo-
gravure reproduction, the picture points are approximately 0.4 mm.
square. (Those in Fig. 3b are 0.45 mm squa:e.) This is approximately
the same as the smallest readily---usable channel diameter, as dis-
cussed earlicr, so that by a suitable reduction in channel diameter
it should be possible to construct tubes capable of giving images of
high information content, with resolution comparable to that of the
average newspaper photograph {or of Fig. 3b).

Finally it is necessary to point out that apart from the difficulty
of constructing and aligning dynodes with channels of very small
diameter, a lower limit is set to the usable chennel size by more
fundamental fectors. As the channel diameter is decreased, the
maximum permissible spacing between dynodes is reduced in proportion.

A certain minimum inter;stage voltage is rcquired for a reasonable
secondary emission yield, however, so that the field strength between
dynodes is inversely proportional to the channel size. Conscquently,
field emission will become increasingly important, and will ultimately

impose a lower limit on the diameter of the channels.
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Chapter IIT  Thc Choice of an Electrode Structure for a channelled Tube

%.1. Basic Requirements

Once enmbarked on the construction of a channelled tube, it was
necessary to decide on a suitable structure for the multiplying elec~
trodes. Many possible forms may be devisedsl’ 22, 53, c.g. the cells
" of each dynode may be round, squarc or polygonal in cross-section, they
may be prismatic or conical, and their axes may be at various angles to
the plane of the dynode. In sclecting one from these many possibilities,

four eriteria may be stated, which any practical cell form must meet.

1. The structure must be robust, simple to fabricate, and

easy to align on asscmbly in the tube.

2. It must be possible to extract a large proportion of

the secondaries produced in each dynodc.

3. These electrons, and photo-clectrons leaving the cathode,

must strike the multinlying surfacc of the succeeding dynode.

4. As few electrons as possible should be allowed to stray

into neighbouring channels, so that contrast is maintained.

Most of the possible geometries are immediately eliminated because
they do not fulfil condition 1. . For example, dynodes with conical
cells whose axes were not normal to the face of the dynode would be
very difficult to construct, and consequently need not be considered.
Three structurcs werc selected for preliminary investigation, all being
fairly simple to manufacture (Fig. 4). They were a) an "egg-box" type
of structurc based on the well-known Venetian blind photomultiplier,

b) an arrangement in which each dynode consists of an array of short
right cylindors, placed side by side, and ¢) a structure similar to b),
but in which the ends of the cylinders are cut at an angle to their

axes.
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Several possible methods of investigating the field distribution
and electron paths were considered, but most proved unsuitable for
this application. For instancc, the rubber sheet model and the
electrolytic tank allow the ficld to be plotted only in the plane of
symnetry of the system. Consecauently the trajectories of electrons
not originating in this plane, or having a significant velocity com-
ponent normal to it, cannot be investigated. The resistance network
analogue may be extended to three dimensions, but the quantity of data
to be reduced then becomes extremely large. Analytical methods may be
employed for systems with cylindrical symmetry, but the calculation of
the trajectory of an electron originating at the wall of such a system
is rather difficult, since-the usual approximations do not apply.
Finally, relaxation methods may be used; in these an iterative process
is used to detzsrmine the potentﬁal at a network of points in the elec-
trode system, and the electron paths are plotted by a similar process.
Again, however, this becomes prohibitively complex for a system without
rotational syrmetry, unless access to a digital computér is available.
Consequently it was felt that ths best means of invgstigating the
various sytems would be the construction of scaled—up‘models. The

results of experiments with such models are given below.

3.2. The "Ego-Box", or modified Venetian blind structure

Each electrode in a normal Venetian blind photomultiplier (Fig, 4a)

consists of an array of parallcl slats, set at an angle to the plane of
the dynode and coated with some secondary emitting material. Each
dynode has a fine wire mesh over the face at which the electrons enter,
to prevent penctration of the field from the precoding dynode, which
would tend to prevent theremoval of secondary electrons. The angle

of the slats is comparatively unimportant, and multipliers are currently
in production with slats set at angles ranging between 30O and 6O0 to

the plane of the dynod954. This structure is readily modified to form
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an imaging system by adding to each dynode a second set of slats at
right angles to the first, and perpendicular to the plane of the
dynode, so that the dynode is divided into an array of rectangular
cells. BEach cell then corresponds to one stage of a single channel.

A large-scale model was built to represent a single cell of each
of two stages in such a structure. The electrodes were made from
glass, with a transparent conductive coating of stannous oxide - "Nesa".
This coating is applied by spraying the glass with an acid solution of
stannic chloride, while maintaining it at the annealing point. The
decomposition of the stannic chloride on contact with the hot glass
leaves an extremely adherent transparent coating, the electrical
raepistivity of which may be varied at will within wide limits by
varying the composition of the spraying solution and the thickness
of the layer. In the model under discussion, a thin layer of willemite
phosphor was deposited on top of the Nesa coating. This served a dual
purpose; it increased the secondary emission coefficient of the surfaee
and also allowed visual observation of the points of impact of eleectrons.
The wire grid was represented by a single wire across the ovening of
each cell, parallel to the multiplying slats (the most efficient
arrangement54). Primary electrons were supplied by an electron gun,
with magnetic focusing and deflection, firing into the open end of the
first cell. A plane fluorescent screen was placed across the exit from
the second cell, to show the distribution of electrons leaving the
system.

The results obtained were only moderately encouraging. A marked
channelling effect was apparent; the electrons stayed well bunched,
producing an approximately round patch of fluorescence on both the
second dynode and the outnut screen. The position of these bright
areas did not depend noticeably on the electrode potentials, and was
affected to a remarkably small extent by varying the point of incidence

of the primaries. Unfortunately however, the percentage of the
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secondaries extracted was rather low - about 40% with the primary bean
incident in the centre of the active surface of the first dynode. This
improved slightly as the beam was moved nearer the lower edge of the
first dynode, but decreased rapidly as the spot approached the top of
the dynode.

It was anticipated that an additional problem with this form of
dynode would occur during the assembly of the multiplying stack., It
was proposed to manufacture the dynodes by brazing together a number
of rectangular tubes, and cutting off glices from the resultant block
at a suitable angle. This would produce dynodes having cells of the
correct form. During assembly, however, alternate dynodes would have
to be turned end for end, to achieve the Venetian blind structure,
Unless the cross-section of the dynodes could be made extremely wuniform,
accurate alisument would then be very difficult.

In consequence of these disadvantages, it was decided that dynodes
of this type were not the most suitable, and as other geometrical con-
figurationé appeared more promising, work on the "egg-box" siructure

was abandoned.

3.3. The Symmetrical Cylindrical Structure

A dynode in a system of this type consists of an array of short
right cylind@rs,'the cells of adjacent dynodes being accurately aligned
with each other. Such dynodes are readily fabricated by assembling a
number of cylindrical tubes in the desired arrangement, and brazing
them together. The block of tubes is then cut into slices to yield
dynodes whichAnaturally line vp with perfect acturacy.

As is scen in Fig. 4b, two cells in consecutive dynodes may be
considered to form a two-tube electron lens, but with the difference
that here the electroné.originate at the wall of the systen, instead
of entering almost parallel with its axis, as is usually the case. ¥e

might thus expect a rather poor electron image of the source to be
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formed on the opposite wall of the second cell. Secondaries relcased
here would .then be imaged in the next cell and so on. For this process
to continue satisfactorily, the secondaries must be. liberated in o
region of extrnacting field,.so that they contribute to the multiplica~
tion of the signal. The length of the cylinders is consequently of
primary importance, since if they are too short, electrors will tend
to be acceleratcd fight through the cell without striking the wall,
after the manner of a Cockroft-Walton accelerator. If on the other
hand they are too long, the extracting field will be weak, and
secondaries will be lost.

Several large scale models were built to study the electron paths
in an electrode system of this type. These were basically very simple
(Fig. 5a), consisting of a length of 25 nm. Pyrex glass tube, with a
vumping sten and side arms for the activation of a photocathode, The
multiplying electrodes consisted of short conducting ¢ylinders of Nesa
on the inner wall of the tube. These were formed by drawing 1 mm. wide
bands of colloidal graphite - "iquadag" - around the inside wall of the
tube at appropriate intervals. After the Nesa-spraying process, the
Aoguadag was removed with hot sodium hydroxide solution, to leawe a
series of conducting cylinders with insulating gaps between them.
Contact to the Nesa was made from outside the tube by platinum tape
seals through the glass wall. A4 thin layer of willemite phosphor was
then applied to the inside of the tube, to act as a secondary emitter
and to indicatc vhere clectrons were landing. Primary eleotrons were
supplied by a photocmathode formed on the wall of the tube at one end.
During the sctivetion of this enthode, antimony, which would have
produced lenkage across the insulating gaps, and caesium, which
ravidly attacks Nesa, were excluded from the rest of the tube by a
cylindrical nickel shield, coated with Aquados, which readily absorbs
caegium. After activetion of the cathode, this shield was withdrawn

to the far end of the tube, where it remained out of the way. During
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processing, the photo-current was collected by an auxiliary anode of
platinum paint fired into the tube wall.

Electrons could then be generated at any desired point on the
photocathode, by projecting on to it a small light spot. The vhoto
electrons then entered the multiplying system, producing secondaries.
The points where electrons struck the wall wers indicated by fluores-
cence in the willemite layer. The effect of different.electrode lengths
covld be studied by connecﬁing together two, three or more of the Nesa

cylinders to form a single electrode.

)

52

Once again, the results were disappointing. Previous workers
had suggested that electrons in such a system did in fact follow the
desired paths, but no signs were found of this, elther in the tubes
described hare, in others of a different type described later, or even
on re-examination of the original tubes in which such trajectories were
reported to have heen observed. 1In tubes with the Nesa wall electrodes,
the best results were obtained when the electrodes were so connected as
to give a ratio of length to diameter of two and a quarter to one. Even
then, however, the desired elsctron trajectories were found only.in the
first stage, The secondaries from each stage landed farther and farther
along the wall of the following cell. With the ratio of length to
diameter quoted above and with photo-electrons originating at a point
approximately one quarter of a dynode length from the lower edge of the
cathode, sone were seen to land a little over halfway along the first
dynode, whilec the remainder went directly to the seeond stage. The
secondaries from the first dynode were then incident almost two~thirds
of the way cdown the second, and the secondariecs originating here spread
out along the whole of the length of the third dynode, with some going
direct to the collector electrode beyond this. As the light spot on

the photocathode was moved ncarer the edge of the first dynode, the
photo-electrons landed nearer the top of the first stage. The sccondaries,
however, thcn by-passed the sccond stage completely, and went directly
to the lower half of the third stage. If the point of origin of the
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rhoto-clectrons were moved further from the first dynode, these then
went direct to the second and third stages, spreading along the whole
length of the latter.

With lonoer electrodes, generally similar results were obtained,
except that the fluorescence was less bright, indicating that a smaller
fraction of the secondary electrons was being utilised. The electrons
still did not take up a stable progression,as would be indicated by
their landinz at corresponding points on each dynode in turn. If
shorter electrodes were used, the photo-electrons tended completely
to miss the first and even the second stage, unless the light spot
was very near the edge of the cathode, In this case, the secondaries
from the first dynode went on to skip several stages, as one would
expect with short cylinders.

Later, several tubes of a different type were built, to confirm
these results, These tubes, similar in structure to that shown in
Pig. 6., had tubular glass electrodes, each representing a single qell
of one dynode. These electrodes were coated with Nosa and wiliemite
-as before, and mounted on a large multi-pin pinch, which was dfop~
sealed inte the vacuum envelope. The end electrode was slit along
one gide, and primary electrons entered the system through this siig,
from an electron gun in a side arm. The electron beam could thus be
deflected along the wall of the cell, and the trajectories of the
secondary electrons could be investigated for various points of
incidence of the primaries, Several such tubes were made, with
electrodes of different lengths, and the results obtained agreed
closely with those already deseribed, The spacing of the electrodes
did not exert any significant effect on the electron paths, up to a
separation of asbout 0.15 times the length of the electrodes, the
maximum investigated. A

It thus appéared that a system of this type was unsuitable for

a channelled multiplier. Some consideration was given to the possibility
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of using a system in which each channel would ccnsist of a single long
tube of high resistance: possibly glass tubing coated inside with
high~-resistance Nesa. BElectrons would then travel from side to side
of the channel, acquiring enough energy from the longitudinal field
at each transit to liberate secondaries on impact with the tube wall.
Multiplication would thus occur, és in the electrostatic electron
multiplier devised by Farnsworth55. This similarly consisted of a
glass cylinder coated inside with material of low conductivity and
reasonable seccndary emission yield, but contained in addition an axial
wire electrode maintained at collector potential to assist in obtaining
the desired electron trajectories. It does not appear to have been
successful, possibly owing to distoftion of the electrostatic field
when current was drawn from the tube. In the present case,_the scheme
was not pursuel very far, as it was considered that the diffidulty of
producing a uniform high-resistance layer inside a large number of
channels of sufficiently small diameter was too great to be overcome
with the facilities available. This situation would be altered should
hollow fibres of some suitable semi-conducting matérial become readily
available.

Before leaving this section, it is of interest to note that as
early as 1937, Kubetskis6 k

multiplier with dynodes in the form of right cylinders. This was

had constructed an electfosfatic electron

designed as an improvement on the Farnsworth multiplier mentioned
above. In spite of the use of an axial wire electrode at high
potential to improve the electron paths the tube had to be worked with
increasing voltage steps between the stages, which would obviously
help to prevent the effects described here.

As an alternative to the use of a non-uniform potential distribu-
tion, Kubetski suggested the use of electrodes forming a series of
truncated cones, of successivelv decreasing diameter and angle, but no

actual tube of this type appears to have been constructed.
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J.4. The Asymmetrical Cylindrical Structure

This was the last possibility to be studied and the form finally
adopted. In a dynode of this form (Fig. 4c), each cell consists of a
short eylinder with its ends cut parallel to cach other, but at an
acute angle to the longitudinal axis. The offect of this asymmetry
is to introduce a latoral component into the ficld between adjacent
dynodes, so that the electron is deflected tc the wall of the cell.
Thus elecetrons will now always strike the same side of the channel,
instead ofcrossing from side to side, as in thc symmetrical form.

Again, the exact proportions of the cell are crucial. If the
ratio of length to diameter is too great, the extracting ficld will
be weakened, and gain will be lost. If this ratio is too small, the
electrons will tend to miss out stages, so that the gain will again
fall. In this case, too, the tendency of clectrons to stray into
adjoining channels will be increased. The angle of the ends of the
cylinders is equally important. If this is too acute, although the
electron trajectories will be vory'strongly controlled, the field
from one dynode will penetrate too far into the cells of the succeeding
dynode, and tend to prevent the escape of sceondaries. If the angle
is too great, the electrons will not be deflected sufficiently strongly,
and will tend to miss a stage. The tendency to stray into the wrong
channel will also be increased.

It was thus necessary to investigate the effect of varying both
these parameters over & fairly wide range, and once more this was done
by means of scaled-up models, Initially, these were of the same form
as the tubes first described in comngcction with the right cylindrical
electrode form. The Nesa eylinders were now formed with their ends at
an angle (Fig. 5b), by using a template to guide the pen with which the
Aquadag rings were drawn., The template consisted of a piece of metal
tubing which was an easy sliding fit in the tube body, and with its end
cut at the requisite angle. A slot was cut along the side of this tube,
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and a gulde pin engaging in the slot ensured that all the rings were
parallel. In each tube, thc NWesa cylinders were made short in com-
parison with their diameter, so that electrodes of different lengths
could sgain be simlated by strappiné together varying numbers of these
cylinders. Thus, by constructing a series of tubes, each having its
Nesa rings at a different angle, it was possihle to investigate a wide
range of the two parameters with only a few tubes.

The first tube of this type had the planecs of the ends of the
electrodes ot 45° to their axes. The electron trajectories observed
were extremcly encouraging: a series of spots could be obtained
equidistantly spaced along the clectrode system, showing that a stable
progression could be obtained over at least 4 stages of multiplication52'
Unfortunately, however, the secondary electron extraction efficiency
appeared to be rather low. It was impossible to make a direct deter-
mination of the secondary emission yield of the Nesa~willemite surface,
and the percontage extraction had to be estimated indirectly. The
cathode was illuminated with o fixed spot of light, and the potential
between this and the first dynode was held constant, so that the inpnt
current to the first dynode recmained steady. The other dynodes were
strapped togcther as a collector, and their potential was increased in
stages, the current collected being measurcd at each step, When this
current was plotted against the collector potential, it rose asympto-
tically toward a limiting value., If this value is then assumed to
correspond to perfect collection of the secondary electrons, the
extraction efficiency of the dynodes at their normal working potential
can be estimated. The estimate is rather uncertain, since it is
difficult to know what fraction, if any, of the primary electrons are
~attracted straight through the multiplying dynode to the collector,
as its voltoge is raised. Later work suggested that this fraction is
not large, co that the extraction efficiency determined thus is

orobably correct to within a few per cent. The optimun electron
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paths were obtained with dynodes having a slant length of 2.2 times
their internnal diameter, and the extraction efficiency, estimated as
deseribed above, was approximately 45%. To raise this figure to 90%,
it was necessnry to raise the potential difference between the first
dynode and the collector to thr.oe times that between the cathode and
the dynode.

The promising results obirined with this tube encouraged further
work on systems of this type. It was clear that dynodes with an angle
of less than 450 between the axis and the planes of the end faces
would have a prohibitively low cxtraction efficiency, so a series of
tubes covering the range of angles from 450 to 60O was constructed.

As the angle is'increased, the percentage of the secondary electrons
which can be cxtraeted increnses (e.g. at 50°, 50% of the secondaries

are extracted), but the electrons are less and less strongly deflected.
When an angle of 60O is reached, the electrons are no longer sufficiently
well controlled, and spread out z2long the tube, so that some of them
begin to miss a stage. The maxinum angle at which adequate control can
be maintained was found to be 5501 the corresponding optimum value for
the ratio of slant length to internal diameter is 2:1.

The optimun vaelue of this ratio was determined more exactly and
the clectron trajectorics confirmed in a furthor series of tubes (Fig. 6).
These were similar to those already described in connection with the
study of the symmetrieal cylindrical structure, having a series of Nesa-
conted glass clectrodes thinly covered inside with willemite. These
were supported inside a glass vacuum envelope, and electrons werc
injected into the systen through a longitudinal slit in the side of
the first dynede, from an electron gun in a side arm. {The end
clectrode shown in Fig. 6 aets nerely 2s a field—shaping~electrode).
Tubes were nmalc with electrodes of varying lengths, and it was con-
firmed that the optimum ratic of length to diameter was in fact 2:1,

a variation of 5% either way rasulting in less satisfactory electron
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paths, Reducing the length gave a slight incrcase in extraction
efficiency, but the electron paths were less well controlled, the
electrons striking nearecr and nearer the bottom of ecach dynode in
turn.

The uso of an electron gun enabled the secondary emission
coefficient of the surface, snd consequently the extraction efficiency,
to be deterrincd with reasonable accuracy. The efficiency found -

6052 = was in good agreenent with the value cstimated from tubes of the
earlier tynpc when the cathodc was illuminated with a large light spot
at a point corresponding to the area of maximum brightness on the other
dynodes.

Thus, as a result of thoese investigations, the asymmetrical
ceylindrical structure was established as the most satisfactory, the
optimum cell form being one with the slant length of the cell equal
to twice the internal diameter, and with the end faces at 550 to the
longitudinal axis.

A large scale model with Sb~-Cs secondary emitting surfaces was
constructed, and a moderate gain of 20 in four stages was obtained
at 450 v/stoge.
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Chapter IV FPossible Secondary Emitting Materials \

- 1]

4.1.

Once the electrode structure had been selccted, the remaining
najor decision was the choice of a suitable seccondary emitting material.
Since only about 60/ of the secondaries produced are utilisgs, I SEecon=
dary emission yield of at lcast 5 is desirable, to give a reasonable
gain per stage. Moreover, the complexity of the multiplying systen
renders impracticable the evaporation of materials on to the acti%e
surfaces of the dyncdes after assembly, so that any evaporatién which
nay be necessnry must be performed first. This raises the problem of
protecting thc evaporated films from attack by atmospheric méisture, and
oxidation. It is consequently desirable that the material selected
should be resistant to atmospheric attack, at 1éast for brief exposures.

Considcration of these factors.and the properties of the various
known secondary emitters led to the selection of three surfaces for

further study. These were:

1) Antimony - cacsium. Secondary cnmission yields of 10 are obtainable

with this material, and the surface is reputedly easy to prepare.
Antinony is Tairly resistant to atmospherie exposure, although the
resulting yields after processing arc usually not so high as with
freshly-evaporated antimony layers. The eaesium, however, being
extremely rcactive, must be admitted after the tube is evacuated, and

must then diffuse throughout the dynode structurs.

2) Potassium Chloride - KCl. GOains of 5, for transmission secondary

enission, arc achieved in thin film multiplicrszz. It was felt, and
later work justified the view, that much higher yields could be obtained

for multiplication at the front surfacc.

%) Magnesium Oxide MeC. Valucs of $ up to 18 at 1 keV57 are quoted

for thin films of this material, and the surface is reported to be fairly
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easy to preparc. Various wortcrs differ as to its resistance to

contanination.

4,2, Antinony - Caecsium

This is the best-known and nost commonly used surface, in this
country at lrast, Tests were nmade on the sccondary emisgion yield
obtainable using vre-evaporated antimony films, which were then sealed
into tubes, ond activated. Trials were made both with the silver
chloride sealing process, and with ordinary glass-sealing techniques,
but in both cases the yield was disappointingly low. It appeared
that the heating suffered by the antimony films during the sealing
process had deleterious effcets in spite of «fforts to keep the surface”
cool, and to maintain an inert atmosphere ingide the envelope. This
effect, of course, was particularly marked when the envelope was sealed
with a glass blowing torch, ns it proved impossible completely to
exclude the combustion products of the torch, which are rather corrosive.
In an effort to regenecrate the antinmony surface before caesiation, an
R.F. discharge in hydrogen was cxcited in the tube, but this had little
aprarent effect, The results obtained were rather variable, but it was
found that o secondary emission yield of 5 could be obtained at 500 eV
primary energy. This is just about acceptable, so that this surface
might be satisfactory. There still remain, the problems of distributing
caesium vniformly throughout the multiplying structure, and of preventins
ficld emission and breakdown, since these phenomena are much more pro-

nounced in the presence of cassium.

4,.%. Potascium Chloride XC1

This material has been uszd in transnission secondary cmission

tubes, but has not found application in ordinary electron multipliers.
It suffers from one serious defect, in that prolonged electron bombard-
ment lowers its yield, liberating free chlorinc atoms and gencrating

"colour contres" in the material, which act as electron traps. The
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chlorine so produced tends to attack the photocathode with a corres-
ponding loss of sensitivity. This is not a serious defcet in trans—
nission intonsifiers, with their large volune and long path between
dynede and cathode, but can be important in the much more compact
chamnelled intensifier. Figurcs for the Yoss in yield with bombardment
quoted by different workers vary, but Todki1123 of this depariment has
nezsured a fall in gain to onc-half the original value after bombardment
with a chargze density of 25 millicoulomb/cmz,

KC1 has one great advantage in that, after evaporation, no further
activation is required: the layer is ready for immediate use. It is
however extromely susceptible to attack by atmospheric moisture. After
o fow minutos exposure to damp air, the normally clear film becomes
milky in appzarance, and the secondary emission yield falls drastically.

According to Nakhodkin and Romanovskysa’ the optimum yicld at
noderate bornbarding voltages is obtained with a layer 1,000 2 thick,
s¢ investigotions were confimed.tto layers of this thickness.

A tube was constructed to check on the yield obtainable, (Fig. 7.)
Primary electrons were supplicd by a magnetically focused and deflected
glectron gun at one cnd of the tube. The test surface was deposited on
an aluminiscd glass plate, which was supported by a spring mechanism on
a stainless steel annulus held in position by three tungsten ping set
in the tube wall., The collector was a wall electrode of platinum paint
entirely surrounding the test surface except for the aperture through
which the anode eylinder of the gun projected. This slight extension
of the anode ¢ylinder prevontcd primaries from going direetly to the
collector. The tube was closed by a plane cnd window sealed in position
with silver chloride. The potassium chloride evaporator was introduced
from a side arm at this end of the tube. Initially, the tube was scaled
on the pump with the test surface facing the evaporator. After evacuation
the gun wes activated, and a layer of KC1 1000 & thick was deposited on
the test plate., The thickness was monitored by measuring the amplitude
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of a light benm reflected at the aluminium surface, this going through
a series of mexime and minima as the thickness changed. For green
light, allowing for the refractive index of the salt, the first minimum
corresponds apnroximately to the desired thickness of 1,000 2. After
this evaporation, the side arm was removed, and the tube sealed off
the pump. The glass plate was then tapped free of the retaining
catches and turned over o face the gun =zo that neasurements could be
made.

The results obtained are shown in Fig. 8, and were extremely
encouraging. The maximum yield was approxinately 11, at 1 keV primary
energy, while at 300 eV, the yield was still as high as 8. It thus
appeared that apart from 1ts decay properties, KCl was an almost ideal

naterial for use in the channelled tube.

4,4, Magnesiun 0Oxide - Mg0

This material is widely used in electron multipliers, particularly
in the United States. In this applicetion, the dynodes are generally
made from an alloy of silver with about 3% of magnesium, and the active
layer is gencrated by a baking process. During this, the magnesiunm
diffuses to the surface, where it is oxidised by air, carbon dioxide
or water vapour. Values of & of 12 at 600 eV primary energy, and 9.5
at 300 eV, are cbtained by this methodsg’ 60. Unfortunately, the
mechenical properties of the silver-magnesium alloy prevent its being
drawn into tubing, such as is rcquired in the construction of dynodes
for a channellcd tube, and attention was turned to the use of thin
. evaporated films of magnhesium, with subsequent oxidation. Such fiinms
have been studied by Whetten and Laponsky57’ who report a maxirum
vield of 18 ~t 1200 &V prinary energy, fallins to 10 at 300 eV, for
an MgQ layer 800 X thick. They observed a mnrked deterioration in the
yield on exposure 1o 002 or water vapour, thc latter irreversibly

reducing the vield by 50%. Their films were oxidised at 55000. at a
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'pressure of 50—100/4. of oxygen. Other workers have successfully used
a wide rangé of oxidising conditions, and have noted less sensitivity
- to at ack b7 water and 002
It was felt that the best method would be to evaporate the magr
nesium layer in a demountable system, assemble the tube in a dry inert
A atmoephere; maintained inside a glove box; and seal it with a silver
Achlorlde soal, stlll 1n31de the glove box. The layer would then be.
oxidised after the tube had been pumped and baked, so that the ox1de'
~layer would not be exposed at any time to contamination by water
vapour o carbon dioxide. Several experlmental tubes were then made
by this method, to examine the y1elds given by varzous oxidation
procedures. In each case however it was found 1mp0591b19 to malntuln '
fa sufficiently inert atmosphere in the dry box, and the magnesium
layer rapidly oxidised during the asseﬁbly brocese:’"rn fact the metal
uylaye; was observed to oxidise while stiéi/in the demountable‘pumping"

syetem, at an indic~+ed'pressure of 10 © mm. of mercury. Surfaces
were preparad by baking in pure oxygen at various temperatures, in-
@ry air and in carbon dioxide. ‘Oxidation temperatures above 450 c

were not studied at first, since the use of an Ag Cl seal as envisaged

" in ths consiruction of the final intensifier tubes would preclude

‘baking at higher temperatures. (The melting point of Ag Cl is 455°C).

A surface oxidised in €O, at 420°C for 20 minutes gave a yield

2

. of slightly over 5 at 950 eV, the highest primary energy used, and of

7 %.9 at 560 ¢V. The COZ was generated by heating very pure Ca CO3 in

. a side arw. It was later discoveredsl that traces of carbon monoxide,

’ which are very difficult to eliminate, are known to have deleterious
_effeets on the oxide surface, and the use of C0, was discontinued.
Oxidation in air or oxygen at 45000 and a pressure of 50 mmi of
nercury yizided very similar results, and it was clear that'eithér i
'fhe oxidation temperature was too low or the premature ox1datlon*
described above was adversely affectlng the yield. Baklng at hlgher
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temperaturcs in tubes sealed by glass-blowing gave only a slight
improvement, but in this case it proved extremely difficult to exclude
the combustion products of the heating torch from the tube, and these
would obviously tend to attack the magnesium surface. In spite of
this, a few image tubes were made by this method with some success.

In the meantime, to examine the yields obtainable from a completely
uncontaminated surface a tube was constructed in which the magnesium
layer was deposited after evacuation and then oxidised.

The tube was very similar in design to that used in the determina-
tion of S for KC1, as shown in Fig. 7, the main difference being that
the test platc was mounted in a pivoted freme and could be rotated
magnetically to face either the magnesium evaporator or the electron
‘gun. The glass plate was made conductive with a coating of a propriefary
platinising rmaterial, a small circular area being left clear so that
the magnesium thickness could be monitored. After the tube had been
pumped and baked to a pressure of leses than 5.10" 'mm. & thin (3%
optical transmission) layer of magnesium was deposited on the plate.

It was noticcable that this layer was much cleaner and more reflective
than those deposited at the pressures attainable in the demountable
pumping systen (about 5.10_6mm.) The accommodation coefficient of

the metal appeared to be much higher, also, and geometrical shaﬁqws
were observed. After oxidation of the magnesium, the plate was turned
to face the clectron gun, and the secondery emission yield was measured
with the tube still on the pump, so that the effect of various treat-
ments on the yield of the Mg0 layer could be observed.

Temperatures below 45000 were found inadequate for oxidation, but
further baking for 20 minutes at 480°C in 50 mm. of dry oxygen gave
good results (Fig. 9). A yield of 4.75 was observed with a primary
energy of 300e¢V, rising to & maximum of 7.6 at 950eV. Exposure to dry
air for 15 minutes had no measurable effect on the yield, but 15 minutes

exposure to air saturated with water vapour at room temperature reduced
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the meximum yield to 6.6 at 950 eV. The yield was not restored by
baking, and an attempt at rcoxidation caused a further fall, to 5.5
at 950 ¢V. Caesiation of the surface increased the yield to a new
maximum of 9 at 950 eV. It was thus clear that higher oxidation
temperatures were required than could be obtained in tubes closed with
a silver chloride seal, and furthermore that cxposure of the oxidised
surface to dry air had remarkably little effect on the yield. Con-
sequently, most of the intensifiers using Mg0O secondary emitting layers
(Chapter V) had surfaces oxidised before the assembly of the tubs,

The figures obtained for the secondary emission yield of MgO are
lower than those given by some other workers, although they agree quite
closely with the results of Arntz éhq Van Vliet62' These low values
of & may possibly have been due to the use of too thin a layer of
magnesium, but they are in any case sufficiently high to make the MgO
surface a possible secondary emitter for use in a channelled tube., The
surface must be oxidised before assembly, and protected from moist air,
but against these disadvantages must be set the important fact that
such layers are largely frec from decay effects under prolonged electron
bombardment.

4.5. Summary

On the basis of these results, KCl appeared to be the best material
for use in a channelled tubec, owing to its simplicity of prepsration and
the consistently high yields obtainable. The only precaution necessary

is to protcct the evaporated film from attack by moist air, and this is

necessary also in the case of MgO, which in addition requires a more
complicated activation proccdure, and was found to give somewhat
unpredictablc results when used in intensifiers. In spite of this,
however, it was felt to be worth while procecding with the use of Mg0
surfaces, owing to the absence of decay effects and the resulting attack
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on the photo-surface.

Antimony~caesium surfaccs were considered completely unsuitable,
owing to the low yields obtained, and the difficulties attaching to the
use of caesium in a closely spaced electrode system; in intensifiers in
which the clectrode structure was flooded with caesium, considerable
ficld emiscion was found to occur at low interstage voltages, and caegium
attack on the phosphor sometimes occurred. (See Chapter VI).

Recent results obtained by other workers suggest that other
materials might prove satisfactory. For example BaO, Ban, Mng and
porous layers of KCl,63 produced by evaporation in an inert atmosphere
at a pressure of a few mm. of mercury, all give good secondary emission
yields and appear to be resistant to contamination by dry air. It was
felt, however, that with the limited effort available it was imprac-
ticable to study such a wide range of materials, and so attenticn was
concentrated on the three alrzady discussed. For future tubes it is
felt that a study of other secondary emitters might prove very valuable,
rporous KC1 layers in particular being claimed to give very high yields,
of 50 or nore, although presumably the decay effects observed in

homogeneous layers are still present.
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Chapter V  Construction of Image Tubes

5.1. Dynode fabrication

In view of the workshop faegilities available, it was felt that

the dynodes could best be constructed from thin-walled nickel tubing,
This is commereially available as "eathode tubing", used in the
manufacture of indirectly heated thermionic cathodes for valves and
cathode ray tubes., It is available in a large range of diemeters, in
any desired length and with wall thicknesses down to .002 in. The
materinl - O-type nickel - is 99.5% nickel, the remainder consisting
chiefly of carbon, with small controlled additions of mangsnese,
silicon and magnesium.

Two main types of dynode were made. Initially, the dynodes
consisted entirely of multiplying cells, with no specific provision
for mounting. These were fixed to stainless steel supporting plates
by Inconel elips engaging in recesses in the surface of the dynode.
However, it was found almost impossible to a2lign successive dynodes
with this arrangement, and later tubes used dynodes having integral
mounting points. As the fabrication of both types of dynode is
essentially the same, it will suffice to describe the manufacture of
the later, more successful, type;

The tubing was purchased in six-inch lengths, with the thinnest
wall available - .002 in. The ends of each tube were plugged with
"zun cement" (a mixture of alumina and potassium silicate solution),
and the tubzs were assembled in a mild steel brazing jig (Fig. 10) to
form a rectangular block somec 18 mm x 24 mn in cross section., At each
corner of the array a rectangular nickel bar approximately 4 mm aquare
was incorvorated, which ultimately formed a support for the dynodes.
Sheets of mica were interposed between the nickel tubes and the walls
of the jig, to eliminate any nossibility of brazing the jig and tubes
together., The top plate of the jig was then bolted firmly down, and
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the whole assombly was placed on one end in a vacuum stove or reducing
furnace. Pieces of silver-copper eutectic alloy (m.p. 77200) were placed
on top of the' tubes, and the témperature was raised to 850 C. for half an
hour. Under these conditions, the bra21ng alloy readlly wetted the
nickel, and so penetrated the 1nterstlces of the assembly, while the
plugs of gun cement prevented the tubes from being blocked by the.brazing
metal. The process was rcpeated until a sufficient quantity - about
75 gn. - of the alloy had been administered.

After brazing, the block of tubes was removed from the jig (Fig. 10a)
and eut into slices of the appropriate thickness and angle. This process
was performed by a high-specd cut-off wheel, operating at 2 speed of
14,000 surface ft. per minuto.. The use of such a wheel only a few
hundredths of an inch thlck enabled acgurate cuts to be made through
heavy sections with a minimum of distortion and burr. Initlally, con-
siderable difficuldy was experienced in the cutting process, as the
only available means of attaining‘such speeds wes a small pneumatic
motor, primayily intended té drive low-powered hand tools. This was
mounted (Fig, 11) in the head stock of a disused milling machine %o
give the necessary rigidity, and the ﬁorkpiece was held in a small
maehine vice, elamped to the bed of the miiler, g0 that motion in all
direetions could be obtained. The mcdor was powered by dried cylinder
nitrogen at 100 lb/éq. in., containing a fine 0il mist for lubrication.
Rubber bonded aluminium oxide wheels, 4 in. in diameter and ranging in
thickness from .020 in. to .030 in. were used, at a spindle specd of
14,000 r.p.n. At first wheels ,020 in. thick prowved satisfactory but
as soon as traees of wear developed in the front bearing of the motor,
wheel bresknges became frequent. Replapement of the bearing provided
a temporary cure or none at 211, and it was found necessary to use
thicker wheels to avoid breakage. Wheels .030 in. thick proved
sufficiently robust, but the greater thickness severely reduced the
cutting speed, and increased the amount of burr formed. Fimally .025 in.
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wheels were found to provide a suitable compromise, cutting much
fagster than the .030 in. wheels, but having sufficient rigidity to
prevent breakage. Burring of the work was reduced as nuch as possible
by the use of soft grade wheels of very fine grit size: 320 grit was
found very suitable, and 280 grit almost as goéd. The wheel was cooled
and lubricated by a continuous jet of very dilute soluble o0il played on
the edge of the wheel wherc it left the work. One part of soluble oil
in 80 of water was found satisfactory, the 0il being required only to
prevent rusting of the machine,

Once the cutting process was perfected it was found possible to
cut sections from the block of tubes previously described, with con-
siderable accuracy. For instanece, slices .060 in. thick could be cut
which werc uniform in thickness across their surface to within .001 in.,
although the scetion was 29 mm. across and 18 mm. deep, and had to be
cut in three successive passcs., Thin sections tended to bow slightly,
however, and a grinding process was found desirable after cutting to
producc flat slices of exactly the right thickness., At first this was
done by hand on a glass plate, with carborundum powder and water, but
later a surface grinder wns uéed, as this gave much flatter dynodes.

A considerable amount of burr remained after grinding, and in the case
of dynodes with 1 mm. cells this was removed by hand with a small five-
sided broach. The faces of the dynode were then lightly rubbed down
on very fine emery cloth, to remove any irregularities.

Next the nickel recctangles at the corners of the dynodes were
drilled to take the 3/32 in. ceramic rodé which supported the electrode
assembly in the tube. This was done in a special jig (Fig. 12a) to
ensure the necessary accuracy. After the burr produced by this opera-
tion was removed, the dynocdes intended to form one complete multiplying
stack were lined up together by means of fine drills passed through
several chennels, and the 3/32 in. holes were reamed with a parallel

reamer, to ensure accuratc assembly. PFinally, the completed dynodes
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were degreased and lightly etched in warm dilute HC1l, to remove
surface roughnesses which might promote ficld emission.

It was eventually decided that this dfilling procedure was not
sufficiently accurate, and the dynodes for later tubes were drilled
in the block before cutting. A special jig (Fig. 12b) was used.
Owing to drill wander, only a few dynodes could be drilled at a time;
these werc then sliced off and the block drilled a little deeper, to
provide several more dynodes. As before, all the dynodes for one
tube were finally reamed together to give easy accurate alignment.
This proccss, when properly carricd out, gave almost perfect alignment.

After eleaning the dynodes, nickel tapes were spot welded to
them, in shallow recesses filed in the faces of the solid rectangles
at their corners. These sorved to make contact to the dynodes after
assembly, and according to the type of tube under construction, were
either left free for spot>welding to lead wires in the tube or were
terminated in small Imecmel tags, drilled to be a tight push fit over
1 mm. tungsten pins sealed through the tube wall, Fig. 16 ¢ (pagze 77 )

shows sevcral completed dynodes.

5.2, Preparation of Secondary Emitting Surfaces

Before deposition of the secondary emitter the dynodes were
degreased and vacuum stoved at 700°¢.

Two sccondary emitting surfaces were succcssfully used:
magnesium oxide and potassium chloride., MgO was used in the first
successful tubes, but involved a lengthy activation process, and
gave rather low, unpredictable yields. Furthermore, if it became
necessary to reclaim the dynodes for further use, an acid rinse and
prolonged vacuum stoving were necessary to clean them satisfactorily,
In contrast, KCl layers were simple to prepare, gave more consistent
yields, and were recadily rcmoved, if necessary, by boiling the dynodes

in distilled water.
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5.2.1. MO Surfaces
As described in Chapter IV, a few early MgO tubes used pre-

evaporated magnesium layers, which were oxidised inside the tube.

The high teuwperatures found nccessary for satisfactory activation

then preclud~d the closing of the tube by a silver chloride seal, as
originally intended, and conventional glass-working methods had to be
used. It was then extremely difficult to prevent attack on the mag-
nesium surface by the combustion products of the glass-working flame,
in spite of all efforts to maintain a cool inert atmosphere inside

the tube, and the resulting yields were generally low and variable.
With pre-oxidised layers, however, the tube could be closed by a silver
chloride seal, so that the problem of preventing attack on the surface -
was much cased. OCOonsequently, all the later lMgO tubes used p&eeckidised
layers.

Aetivation of the secondary emitting surfatss was performed in a
special chamﬁor, shown diagrammatically in Fig. 13. This was eonstructed
from a Buchner'conical flask, a very thick-walled -wessel originally
intended for vacuum filtration, The neck was domed over, and a‘side
|rm was'seéled on to it to eontain an evaporator loaded with magnesium
ribbon. The bottom of the flask was tooled to a spherieal form, thg
centre of curveture being at the point eeeupied by the magnesium
evaporater when in the eperating position. The whole apparatus was
aupported and pumped by means of a wide pumping stem sealed to the gide
of the chamber.

To use this, the neek -was craaksd-apen.‘aﬁd the 4dynedes arranged
on the bottom of the chamber as in Pig., 13. The top was then resealed,
and the apparotus was segled on to an all-glass pumping system. The
chamber could then be pumped and baked to ézve a very low pressure of
less than 5.10—7mm. and the dynodes themselves could be outgassed by
eddy current heating them to a dull red with a work coil held beneath

the flask. “hen a pressure of 5.10_7mm. was attained, the magnesium
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evaporator was introduced, and a layer of magnesium, estimated at
about 4008 thick, was deposited on the dynodes. A very clean metal
layer of high reflectivity was obtained by evaporating at this pressure.
Monitoring the thickness proved rather difficult. This was done by
measuring the optical transmission through the bottom of the flask,
but even with very clean surfaces the accommodation coefficient of
magnesium is lower than that of most other metals, so that the walls
of the flask also received a coating of magnesiun, in spite of careful
shielding of the evaporator. '

After the deposition of the magnesium layer, the evaporator was
withdrawn and the side arm sealed off. The liquid nitrogen in the
cold trap wns replaced with liquid oxygen; and dry cxygen was admitted
to the systom to a pressure of 50 mm. of mercury. The chamber was
baked to 52000, and held there for thirty minmutes, to ensure complete
oxidation, then the oxygen wns pumped away and the system cooled down.
Finally the chamber was filled with dry nitrogen or forming gas (10%
hydrogen, 90% nitrogen) and ssaled off until the dynodes were required.
To remove the dynodes, the neck of the chamber was cracked with a hot
glass point, and the flaslk was placed bodily in the glove box. This
was then thoroughly flushed with dry air before opening the flask and
renoving the dynodes for assembly of the tube.

5.2.2. Potassium Chloride Surfaces

KC1 surfaces also were formed in a demountable bell-jar, but in
this case a much more easily-operated one. The system is shown in
Fig. 14. The evaporating chanber was a c¢ylindrical glass bell-jar,
with a wide pumping stem senled to its dome. This stem passed through
a 15 mm. glass vacuum stopcock and terminzted in a standard B 24 ground
Joint. In this was inserted a demountable pumping line, which at the
other end fitted into a similar socket on o small bell-jar sealed to

the face plate of the normal pumping system by means of a Neoprene
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O-ring. The base-plate of the evaporating chamber consisted of a 10 in.
square Duralumin plate % in. thick, through which passed five brass
terminals, vacuum sealed with Neoprene washers, and the seal between
the bell-jar and base-plate was made by means of an L-gection Neoprene
gasket. ‘

Evaporation of the KCl was carried out from a small molybdenum
boat, firing horizontally across the chamber. The KC1 charge was
retained in this by bending the sides of the boat slightly inwards, and
a nickel shield surrounding the evaporator prevented KCl from reaching
the chamber wall behind the evaporator. The dynodes were supported on
a nickel wire frame, forming an arc of a circle centred on the evaporator.
This frame was so airanged that the dynodes wcre turned a few degrees
away from the normal to the evaporator's line of fire, to ensure that
KCl was deposited along the whole of the inside wall of each cell. The
thickness of the evaporated layer was monitored by measuring the trans-
mission of light through a thin soda glass plate supported in the same
frame as the dynodes. In some cases, reflected light was used, but
setting up the system was easicer for transmission. As described in
Chapter IV, during evaporation the transmission (or reflection) goes
through a series of maxima and minima, according as the layer is an
odd or even number of quarter-wavelengths thick. Light was supplied
by a 240 V. pigmy bulb, run from a stabilised current supply, and was
received by a selenium barrisr layer cell (not shown in Fig. 14) with
a respomse peaking at 5,7002. The system was extremely stable: the
output of the photo cell was constant to within 0.1%. The output of
the cell was measured on a mwoving coil galvanometer, and since the
amplitude of *the modulation is only a few per cent in transmission,
the larger part of the standing current was cancelled by a dry cell
and rheostat connected in parallel with the photo cell, so that the
most sensitive range of the galvanometer could be used. For transmission,

the first extromun observed is a maximum, since the refractive index
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of KC1 is less than that of glass. When allowance is made for the
angle of incidence of the KCl on the cell walls, and the refractive
index of KCl, it is found that the optimum thickness of 1,0003 58 on
the cell walls of the dynode corresponds to a point approxiﬁately
midway between this maximum and the succeeding minimum. By this
method, the progress of the evaporation could be accurately controlled.

To use the system, the various vacuum seals were connected up and
the bell~jar evacuated to an indicated pressure of 4.10—6 mm. of mercury.
The KCl layer was then deposited and the stopcock clbsed. The pumps
were stopped, and the pump system let down to air. Next the pumping
stem was dismounted at the two ground joints and the entire evaporating
chamber, with its base plate, was transferred to the glove box where it
could be opened to the very dry atmosphere maintained inside, to permit

the removal of the dynodes.

5.3. Assembly of Tubes

The image tubes constructed may be divided into two main types,

although variations occurred within each group. The difference lies
essentially in the fact that in the earlier, rather crude tubes, no
attempt was made to exclude caesium from the multiplying system. As

a result of observations made on these tubes, it became clear that the
presence of caesium in the dynode structure was a serious disadvantage,
and the second type of tube was devised in an attempt to prevent caesium '
from reaching the dynodes. The components of a tube of this second type
are shown in Fig. 16, many of the components being identical with those

used in tubes of the earlier design.

5.3.1. Barly image tubes
In the first type of tube (Fig. 15) the electrode assembly was
based on a rcctangular stainless steel plate, which also served as a

supporting frame for the fluorascent screen. This consisted of a
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0.7 mgm/cw? layer of willemitc with an aluminium backing, deposited
on a rectanzular glass plate, which was held in its frame by strips
of Inconel spot-welded to the stainless steel. These strips were
extended laterally outward from the plate, to support the electrode
asserbly in the tube. At the opposite end rf the electrode system, a
similar stainless steel plate supported the photocathode. This was
formed on a rectangular soda glass plate, held in a nickel frame which
was hinged to the stzinless steel plate. For activation, the cathode
plate was swung back at right nngles to its normal position (Fig. 15)
to face the antimony evaporator, introduced from a side arm., The cathode
was cacsiated in this position, and then swung back intc the normal
operating position after the tube was sealed off. Four steatite rods,
fused at one end to form a "he~d", and ground 2t the other to a blunt
point to facilitate assembly (Fig. 16f) werc passed through holes in
the stainless steel plates and through the holes at the corners of the
dynodes, {or in their suvporting plates), so holding the entire assembly
in alignment. The rods were held in position by small "Spire nuts"
(Fig. 16h). These arc commercially-available spring clips which can
be pushed 2long a rod in one direction, but arc prevented from moving
the other way by small teeth which bite into the surface of the rod.
These were pushed firmly home over the pointed ends of the ceramic rods,
their natural springiness ensuring the rigidity of the assembly, and
then the excess length of the rods was snapped off. The dynodes were
ingulated from each other and from the photocathode by mica spacers
aprroximately .005 in. thick, (Fig. 16d) and from the phosphor screen
by tubular glass spacers 2.5 mn. long, cut at an angle of 550 (Fig. 16g).
Contact was made to all the dynodes by means of nickel tapes spot-welded
to their surfaces.

After assembly, the dynodc system was inserted into the envelope.
This consisted simply of a cylindrical Kodirl glass body about 9 in.

long and 60 mm. in diameter with a flat window scaled in at one end
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and a large 15-pin pinch at the other. 1 mm. nickel wires were spot-
welded to the pinch before dron seaiing this in place. After the drop
sealing pronc.ss the envelope was leak tested, and then cut open near
the pinch, for the insertion of the electrodss. The electrode structure
was securcd in the envelope by the four Inconcl strips spot-welded to
the phosphor supporting plate. Thesc were spot welded with extension
tongs inside the glove box to four of the nickel wires already mounted
on the pinch. The nickel tane lcads from the other electrodes were then
welded in turn to the rest. of the nickel wire leads, and the twc halves
of the bodv were reunited.

Resenling of the envelone was performed outside the glove box,
either by means of g silver chloride seal or, more commonlw, by glass~
blowing. During this process, the tube was continuously flushed with
forming gas, which entered via the pumping stem and left by a special
side arm added for the purpose, in an effort to prevent attack on the
multiplying surfaces. The gas was first dried mnd cooled by passing it
through a phosphorus peatoxide drying tower and then through a copper
worm immersed in liguid nitrogen.

Tubes of this type worked moderately well, and the first reasonable
electron gain recorded was obtmined in such a tube, (sec Chapter VI).

The design suffered from several disadvantages, however. The spot-

welding procoss inside tho glove box was a complicated procedure, since

the tongs were rather large and unmanageable in the limited space available.
The fluorescent gsecreen could not be viewed normally, but only at an ’
inconvenient angle through the side of the tube; the sealing process

almost certainly resulted in some reduction in the yleld of the multi-
plying surfoces, and the whole structure was saturated with casesium

during the nctivation of the photocathede. The presence of caesium on

the multiplying surfaccs probably increased the secondary emission yields
obtainable, but considerable field emission was observed at low voltages,

and serious caesium attack n the phosphor cccurred in some tubes. In an

-
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atterpt to ronedy these defects, the second type of image tube was

evolved.

5.3.2, An improved design of channelled intensifier

The comprnents of a 4-stage tube of this tyve are shown in Fig. 16,
and the envelope in Fig. 17. Fig. 18b shows a diagram of the assembled
electrode structure. The basis of the electrode system in these tubes
was the photocathode shelf (Fig. 16a). This consisted of a stainless
steel disc 55 mm, in diameter, and .050 in. thick. A rcctangular aperture
26 ., x 18 mm. wag cut in thie, slightly off centre to allow for the
angle of the electrode system, and a recess .040 in. deep and rather
larger than the hole was milled around its edge, to act as a supporting
ledge for the glass photocathodelplate (Fig. 16b). A springy skirt of
stainless steel .006 in., thick was spot-welded around the circumference
of the disc, and slightly spun out so as to be 2 tight fit in the tooled
down portion of the envelope. (Fig. 17 shows a cathode shelf in position
in the envelope, for propumping.) The shelf was held in position in the
tube by threc Inconel spring clips spot-welded to its upper surface, which
engaged with three 1 mm. diameter tungsten pins accurately positioned in
the tube wall. One of these pins was extended through the wall to form
an external contact for the photocathode, while the other two were left
blind 1o reduce the risk of lenkage.

The photocathode plate itself was made from soda glass, of such a
size as 1o bo an easy fit in the rccess in the tvhotocathode shelf while
completely covering the rectangular hoie. Platinum paste around its
edges ensursd good electricnl contact between the shelf and the photo-
cathode surfnce and the plate wnas held in position by two fine Inconel
springs bearing lightly on its surface. In later tubes of this type
the springs were replaced by = spring loaded magnetic catch, which
proved nuch simpler to operate when reversing the cathode.

As before, the fluorescent screen was devosited on a rectangular
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glass platc supported in a steinless steel frame (Figs. 16e and 18a).
To avoid unnccessary projections on the face of the screen, this was
made with twe: of its 8dges ground at an angle of 450, and the two
corresponding edges of the hoic in the supporting frame were similarly
shaped. The sereen was then simply dropped into position in the frame,
and retained in position by two drips of Inconel spot welded to the back
of the frane, so that no projections disturbed the field in front of the
screen. Alurinium-backed willemite or gne:pg was used for the screen.
Contact was onsured between the aluminium layer nnd the stainless steel
plate by a layer of platinum naste along the sloping edges of the screen.

The dynodes (Fig. 16¢) wore the same as for the tube described in
}15.3.1, except that the nickel tape leads were terminated in small
Inconel tags. These were drilled to be a tight push fit over the 1 mm.
tungsten nins set in a band around the lower cnd of the envelope, between
the tooled down portion and the polished end. (Fig. 17).

» As befora, the assemblcd dynodes (Fig. 18b) were held in alignment
by pointed steatite rods 3/32 in. in diameter (Fig. 16f) fused at one
end to forn a head, and securcd at the 'other by spire muts (Fig 16h).
These passcd through 3/32 in. holes drilled at an angle of 550 through
the photocathode shelf and the screen support plate, and through the
holes at the corners of the dynodes, The dynodes were again insulated
from cach other by mica gpacers apvoroximately 005 in. thieck (Fig. 16a)
and from th- screen by tubular glass spacers (Fig. 16g) 5mm. long and
ground at on angle of 550. Wnen assenbly was conplete the cercmic rods
were snippcd of f close to the spire muts and the assembly was inserted
into the envelone by means of 2 special tool (Fiz. 161) which engaged
with three blind holes drilled in the undersidc of the shelf. The
Inconel tags werc then pressed home over the appropriate tungsten pins
with the tool shown in Fig. 16j.

After assembly the tubc was flushed with a2 gteady supply of cool

dry argon while the end platc was sealed in position with silver chloride,
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using an ¢lectric hot plate. At this stage ths glove box could be
opened to facilitate the scaling process, since the flow of dry argon
prevented atmospheric attack ~n the multiplying surfaces. A magnetically-
operated ball valve (not shown in Fig. 16) wns incorporated in the
pumping stem of the tube to vrovent ingress of moisture during the
sealing of -th2 tube on the purp, and this was closed after completion
of the silver chloride seal. The argon supply was then shut off and
the tube wos sealed on to the yump., On completion of the glass-blowing

the ball valve was opened to allow the tube to be evacuated.

5.4, Processing .

During evacuation of the tube, the double pumping stem (Fig. 17)
ensured efficient punping of thoe space on both sides of the vhotocathode
shelf, which formed an almost hermetic seal. The antimony layer (see
App. IT) wnz deposited by an evaporator introduced from its side nrm
through the upper punping sten. This evaporator was also used as an
anode during the cagsiation of the photocathode, contact being rade
through the wall of the side arm by a platinum tape scal. This was
naintained in electrical contact with the evaporator by a layer of
platinun pastc inside the side arm, ageinst which was pressed a spring
finger spot welded to the evaporator. During cacsiation of the cathode,
cacsium was crecluded from the main electrode strueture by the skirt on
the photocath~de shelf, in conjunction with a thin layer of Aguadag,
vhich readily absorbs caesiun, on the tooled down portion of the tube
wall,

After activation of the cathede, the antimony evaporator was with-
drawn into ite side arm and the image tube was sealed off the pump. The
photocathode nlate was then shaken free of ifs retaining springs, turned
over to face the dynode systson, and tapped back into place. The ramp
and a short suide rail at ench side of the cathede, clearly scen in

Fig. 16a, helped to lead the olate easily intc position under its springs.
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This left the sensitive surface facing the first dynode and separated
from it by about .01 in.
Fig, 19 shows a completed tube of this type.

5.5. Later nodifications

These changes almost climinated the disadvantages mentioned carlier;
the phosphor screen was now within 4 em, of the end window, and could
be closely examincd. The spot-welding and glass-blowing operations
wére dispenscd with, and penetration of eaesium to the dynode section
was greatly reduced, It was however found difficult to drill the 3/32 in.
holes in the photoeathode shelf with sufficicent aecuraey, and these
sometinmes had to bc opened up with a fine file., In this case, caesium
tended to find its way through the gaps around the eceramic rods. Also,
partly as a result of this slight penctration of caesium, breakdown was
found to occur between the fluorescent screen and the last dynode, along
the ceramic rods. To reduco this, a new method of mounting the phosphor
was introduced (Pig. 18c). The screen was settled on a pyrex glass plate
drop seale? into a pyrex cylinder., The other cﬁd of this was ground and
pelished in the usual way, and sealed with silver chloride to the end
window of the tube, using platinum paste instead of paint on the surface
of the end windcw, to obtain gnod adhesion and clectrical contact.
Platinum paint connected the aluminised screen, via this seal, to the
outer silver chloride seal, where the end platc was attaehed to the
tube body. Since the glass in thisg area was also platinised, it was
thus possible to make electrical gcontact with the aluminium layer from
outside the tube. So far as nossible, the platinum paint leads were
kept insido}the cylinder, ecntack being made through the drop seal by
tags of platinﬁm paste applicd to the phosphor plate prior to the drop-
sealing proccss. The ceramic rods were now made with a flattened head,
and passed in the opposite direction through the dynode assembly, so
that the spire nuts were now above the photoeathode shelf, (Fig. 18d).
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Caesium penctration was resisted by thin nickel washers, drilled to fit
tightly over the ceramic rods. Thes:s were precsed down against the shelf
by tubwlar nickel spacers, cut at onec end to 550, which also served to
keep the snire muts clear of the surface of the shelf, so that the glass
cathode platc could be readily inserted into and removed from its recess.
As an additional preecaution, o large mica sSpaccr covering the whole of
the rear of the cathode shelf was used to reduce the chance of caesium
getting around the photacathode plate.

These precautions proved quite successful, and practically no
caesium reached the dynodes in a tube of this tvpe. Much higher volteges
than previously could be applied to the screen without breakdown, and
higher light gains wore obtainced. An additional benefit was the larger
area of the dynodes utilised in this csse, since in the previous design
the offset »f the fluorescent screen (see Pig. 18b) caused an appreciable

fraction of the dynode area to remain unused.
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Chepter VI. Results obtained with imaging tubes |

6.1. Measurement techniques.
6.1.1. Method of measuring electron gain
Potentiuls for the tube were supplied from a potential divider

arranged as shown in Fig., 20. The E,H.T. voltagce was éupplied by a

10 kV or 15 kV power pack, and the.various electrodes of the tube.weré
connected by flying leads to the appropriate fapping points on thé

V resistance chain via 4 mm, plugs and soekets. By this means, widely
varying Qoltages could be applied to the electrédes, fine adjustment
being provided by the potentiometers incorporated in the chain.
Individual clectrode- currents wére measured by means of a jack socket
in series with cach lead, so that a galvanomefer'could be rapidly con-
nected or removed as requifed. A1l the resistors and terminal sockets
were mounted on perspex sheet, and the flying leads were‘heavily
insulated with flexible polythene fubing, as a'precaution against
lerkage eurrents.

Owing to the large ratié between the input and output currents in
a'high—gaiﬁ tube, it was found advisable to measure‘the,electron gain
in a series of steps. Inifially.the input light level was adjuéted,by_
mcans of an iris diaphragm or a variable tfahsfofmer supplying the
light source, until an easily reasurable current was leaving the eathode.
The ouwtput current was then measured with a low overall voltage applied
to the tube. Noxt the light input'was redueed until the output current
had. fallen by some, convenient factor,vand'the applied voltage was :
increased step by step until the screen éurrent‘rose approximately to
the original value. The input light level was éhen reduced again, and
' the process rcpaated as many times as necesssry. By this means the
current gain of the tube could be measured without at any time drawing .
excessively high currents from the later dynodes. ‘In addition, all the
current measurements could be carried out on a single range of the

galvanometer, so reducing instrument errors.
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A similcr procedure was uscd to measure the gain of individual
stages., Initially, only the first few stagoes were comnected, and the
separate el~ctrode currents wore measured. Then the light input was
reduced, the next few stages werce connected, and their currents ncasured
in turn. This was repcated until the gain of all the stages had been
determined. VWhen measuring the variation of cleetron gain with voltage,
all the elcctrode potentials wire supplied by = single power pack, to
ensure that the field configur=tion in the tubc remained constant

throughout the measurements.

6.1.2. Measurcment of light rain

Owing to the position of the screen in these tubes, sorie 4-5 cm,
from the end window, it was imnossible to meacurs the light outoput
directly by rressing a photo cell against the screen, and some form of
optical coupiing had to be introduced. Two £/1.9 lenses cf 3+ in.
focal length were used face to face, giving a nonsured blue light
transmission of 2.6 at full orerture and wnity magnification. Thase
were used to image the output screen on a selenium barrier layer cell.

The apperatus used in the neasurement of light gains is shown in
Fig. 21. The light source, nt the extreme risht, consisted of a ZnS:Ag
phosphor screcn, stimulated by ultra~violet light from a heavily-filtered
nereury dischnrge lamp. A circular diaphragm irmediately in front of
the phosphor wnas imaged on the cathode of the tube by an £/2 2} in.
lens to give n small illuminatcd spot. The two £/1.9 lenses previocusly
mentioned were used to imege the corresponding bright spot at the vhosphor
on the selenium cell at the cxtrame left. All the components of the
system were sunported in clamps fixed to a small optical bench.

To ensur- an accuratz determination of the gain, the samc photo

voltaic c¢cll was used to neasure both the input and ocutput light
fluxes. The witential across the dynode systenm and that for accclera-

ting electr-ns to the fluordascont screen werc supplied now by two vower
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packs which were separately adjusted for maximum gain., As with the
electron gain, the light gain was measured in stages, the light input
being reduccd and the applied voltage increased alternately. The light
input was varied by adjusting the iris diaphragm of the imput lens,

which had boon previously calibrated to ensure accuracy.

6.1.3. Resclution

Owing to the limited resolution of these tubes, no special measure-
ment techniques were required; the static resolution could be estimated
by the unaidcd eye. Photograrhic methods were used to determine the
dynamic resolution, since the relatively crude apparatus used did not
allow sufficiently rapid motion of the tube to give good visual resulis.
The use of vhotography overceme this limitation by allowing a longer
period of integration, and also confirmed that the results obtained were

not subjective.

6.2. Results of Gain Measurements

To simplify the initial investigations several tubes similar to
those described i11§5.3.l, wore built, but in these tubeé/the primary
electrons wers supplied by an electron gun rather than a photocathode.
These tubes ¢liowed that succossful multiplication was possible with the
chosen electrode structure, but the average stage gain obtained was dis-
appointingly low. This was partly because the technique of producing
consistent miltiplying surfaccs was not then sufficiently developed,
but primarily because of poor alignment between the dynmodes. At this
time, dynodes with integral mounting points had not yet been produced,
and the older type of dynode proved extremely difficult to align
accurately. The resulting misalignment drastically affected the
efficiency of electron transfer between stages, so that although first-
stage gains of between threc and four were recorded, the gain of the

second and subsequent stages was typically about 1.2 with the same
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primary electron energy.

The modrorate success obtained with such tubes encouraged the
building of actual imaging multipliers. Several were constructed to
the pattern doscribed in § 5.%.1, mostly with magnesium oxide secondary
emitters. The first was uneatisfactory, owing {o severe misalignment
of the dynodss, but its immedinte successor, the first tube in which
dynodes with integral mountingz points were uszd, was much more successful,
so that dynodes of this type were used exclusively from then on. The
dynodes in this tube were rather thicker than the optimum, but a moderate
electron gain of about 7 in three stages was obtained at 800 Vstage,
the best dynnde, the second, having a gain of 2.8. The image quality
was adequats, 3 mm. test bars being clearly imaged in any orientation
relative to the dynode structurz. There wac no light gain, as the
photocatﬁode sengitivity was onlny,‘AJim, and the screen voltage was
limited by field emission.

Wext came a four-stage tube, again with Mgl secondary emitters,
but this time with dynodes of the correct thickness, The tube was over-
caesiated during activation of the photocathodz, and severe caesium
attack on the willemite scrzon occurred, The excess caesium also limited
the inter-stage voltage which could be applied, but on the other hand
it almost certainly increased the yield of the multiplying surfaces, as
an electron gain of over 30 was obtained at 450 v/stage. Although the
photocathodé had a sensitivity of 25’4 Af1m, no light gain was obtained,
as only about 500V could be anplied to the phosphor stage before severe
field emission occurred. The gains of the individual stages, in order,
were 1.35, 2.65, 3.1, and 2.9, giving a meen stage gain of 2.4. It will
be noted that the gains in the last three stages approached the
arbitrarily-cstablished target of a gain of three per stage. The gain
of the first stage was less than half that of the others. This is
partly because of the fairly lsrge dead area of the dynode, due to the

finite wall thickness of the tubes and to packing losses. In addition,
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the field configuration inside the cells of this dynode is considerably
different from that in the other stages, owing to the presence of the
plane photocathode. The field from the following dynode does not
extend so far into the cells, so that the percentage of secondaries
extracted is reduced. This effect was observed in several tubes, but
was reduced in later versions by making the first dynode rather thinner
than the rest.

It was clear that the presence of caesium in the multiplying section
of this tube was a serious disadvantage, since the onset of field emission
prevented the full realisation of the potential electron gain and com-
pletely eliminated any possibility of light gain. Consequently, no more
tubes of this type were constructed, all succeeding intensifiers being
of the type discussed in 5.3.2,

The first tube of this tyne to be built had five dynodes, with KC1
multiplying surfaces, and was the first image tube to use this material.
Unfortunately, the surfaces werc contaminated by atmospheric moisture,
and the electron gain was extremely low - about 7, the best stage having
a gain of 2.2. Therc appeared to be some light gain, but this was not
measured, as it too was very low.

Several unsuccessful tubes followed this, including one with Sb-Cs
mltiplying surfaces. This was of particular interest in so far as the
image obtained by using the first dynode as photocathode could be studied
and compared with that obtained with a plane photocathode vhich was also
incorporated in the tube. In fact, the contrast of the image so produced
was considerably better than that given by the plane cathode, which would
suggest that most of the loss in contrast in other tubes occurs between
the photocathode and the first dynode rather than between stages. The
need for extremely close spacing of these two electrodes is thus clearly
seen. This tube was otherwise unsatisfactory, since field emission
limited the interstage voltage to less than 300V, and the electron gain

was very low.
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During the construction of these tubes, the speed and easec of
prevaration of KCl surfaces in comparison with MgO were clearly demon-
strated, and l-ter tubes used this material exclusively.

The first really successful KC1 tube had an electron zain of
approximately 100 in six stages at 460V/stage. Unfortunately it
rapidly went saft, but it was rzbuilt to give 2n even higher gain. In
this form th: tube héd six dyncdes, the first dynode being half the-
thickness of the others, and the secondary emitting material was a '
IOOOﬁ thick layer of KCl. The phosphor was aluminium—backed ZnS:Ag,
settled to 1.5 mgm/cn? Imnedintely after sealing off, the ohotocathode
sensitivity was G/x.A/lm, and an electron gzain of 800 was measured at
750V/stage. This figure is of considerable intesrest, since it represents
a mean stage gain of slightly over 3, the target figure. The improve-
nent was chiefly due to improved techniques for preparing and handling
the secondary enmitting surfaces, but the reduction in thickness of the
first dynode also improved its zain by over 30%., The gain in this stage
was now slichtly less than two-thirds that of the other stages, and

"since there is a theoretical loss of sSome 33% during electron transfer
from the cathode to the first dynode, owing to packing losses and the
wall thiekness of the tubes, it can be seen that thé thickness of this
dynode was now very near the optimum value.

v After these initial measurements were made, testing was disconiinucd
for several days, while extensive alterations were carried out on the
potential divider, which was beginmming. to break down at the high screen
vgltagas reqhired for this tubz. During this period, the photocathode
sensitivity fell noticeably. ‘

While the tube was under tost, a severe electrical leak‘developed
between the fourth and fifth dyunodes, progressively and drastically
reducing the elcetron gain in those two stages. Initially the gain in the
two together was almost 9, but this ultimately fcll to less than 1. The

lirzht gain was unfortunately not neasured while the tube was working at



93.

its initial high electron gnin, When.the electron gain had fallen to
290 however, (at an average of 600 V/stage) and the cathode sensitivity
to 3 fAA/lm, the tube gave a hlue light gain of 920, with 8 kV on the
phosphor stoze. Thus, with a more sensitive cathode - say BO,A.A/lm -
the original electron gain of 800 would have corresponded to a light
gain in tho region of 25,000. In Fig. 22. the variation of electron
gain with apnlied voltage at this time is plotted. It should be noted
that the electron gain shown at 600 v/stage is not 290, but about 210.
This is duc to the fact thet lower screen voltages were applied during
the measurcmonts of electron gain since, as previously described, all
the clectrodes including the screen were fed from a single power pack,
to ensure that the field configuration in the tube remained constant
throughout. (During measurcnents of light gain, the screen was fed
from a separate supply, which was adjusted to give the maximum gain
which could he attained without breakdown.) The curve of Fig. 22. was
obtained with unequal interstage voltage incremonts, allowing applica-
tion of the maximum voltage in cach stage without breakdown. Mig. 23.
shows the variation of gain with applied voltage for equal voltage
increments ii. each stage excent the last, in which field emission was
particularly troublesome. At this time, with just over 500V per stage,
a reasonavle working figure, and with 1300V on the screen stage, the
measured individual stase gain were, in order, 2.1, 3.6, 3.6, 2.2.
(the fourth and fifth dynodes together), and 2.0, while the measured
overall gnin was 130. The lenkage between the fourth and fifth dynodes
was now too great to allow their gains to be mcasured separately, but
it will be scen that these wore very low. The gain in the last siage
also was low, owing to the low primary energy in this stage (350 eV)
and the woal: extracting field applied.

Thus tho second and third stages are those most representative of
conditions in a multiplying system and it will be seen that stage gains

of between ¥ and 4 are attainable in such a system at reasonable



53 it $5333: 3333 333 I L)
35 ! .
= > 7

322 3337 ;i 3
B st s
T3 8333 4
P23os reeed 1
s el ssooe
jess testesesas 34
FEE0S $5e3 $2004 o2 T >
St o [ T bon, esaast s
SE000 S000S oot PRSI (9861 SeoRd Foast g 1 13 +
JOONY DUDOE PO S04 Hnogianst e
9033 30004 Puige $9908 bevet o4 : T 99 201 :
DOR 50094 T H 7 + i
SR000 SRS MEDOS be IEE0 8ER0 REDH
[STT2 PRRYS PO } 4 l .
ITTRT PPN PESNS SO0 est it = i )
it d i
TPRSY PPIY IO b } ! 2
sesrteceatas 4 ¢ 4 - 1
JUORE SUPN N ) IRTRETO0S baRnt oo | !
NN SUR0S SUDN SUENN JSTEEIETE ARTRLINN T T

UDUH DODRY JOUDY RUSTE MRS IRTRERIR : ‘

_,__.«._._MF_A

JUUUS SOV VSURY SRS FOURY FRETI ¥ : i

ot SO At L]0 ; ; 1

FHUNN DU NS (OO ¢ JHA Y
i k

PEPPY PSR ZXITY IETTE PUDRY FODRY PRORY PRPOY PRIITS PYTTY TPOUY FINNY Fv

[EYSTTRPTY PROIY PUDDY RN

]

() s 20 3-0 35 4-0 45



» - a ®o ~ © "
- e L] [ ] - "
T
it BRI 1 {
41 3 = + 1
11
Ht
¥
T
11
X
o=
X
?
T
Y
n =
T
I-
S sesssisagd in:
8 1t F
T
131113 :
313
313 s
18336 fess s !
e e +4+4 8
: - 3
oo bt Bosu b Ly 5 e
T
2% I318 32 ES a4t T 3 ;
ites 3 ridtiseets el = H ,
28 g iiteifiedt itd =
e b 1853 EE
11 iEEag et gy !
15t 28R dongnt £
178 ERREE S IsTIsns 133 - -
IR SRR AN 15 . R
138 FRE SR nethiests
1732 83 fesseeaes bemy
I BENE i on i
$584 2% tie} it ! 5
12338 182 1
-1 3 13+ N s v 23
RS bagR g iosiist +11 : Pl
PERS R SR iriviedst 18l : 1

35 49,

3-0

2.0 25

-5

0s



96.
interstage voltages. This is borme out by the fact that initially the
fourth and Tifth stages gave gains of 2.5 and 5;3 respectively, at only
400 V/stage.

The vory promising resulte obtained from this tube encouraged the
building of tubes with more ctages. A twelve~stage tube was plammed as
the next step, but the availoblc stock of dynodes proved sufficient for
only ten stages., This tube also had KC1 secondary emitting surfaces,
in this casc a little thinner than the optimum, and a thin first dynode.
~ The phosphor was again aluminium-backed ZnS:4., but this time the screen
was mounted by the method described in § 5.5. This allowed accelerating
voltages of up to 10 kV to be applied to the phosphor stage. The
aluminium leyer, however, proved too thin for the high gains achieved
in this tube.

The photocathode had a seonsitivity of MB,AA/lm after reversal, and
immediately after sealing off an clectron gain of 8,500 was measured at
aporoximately 370V/stage. With an accelerating voltage of only 5 kV on
the screen stage, the light goin was then l.4x105Q At this gain, however,
the image was extremely poor, owing to optical feed back through the
aluminium backing of the phosphor, which would also increase the apparent
light gain. The angle of thc clectrode stack coused the fed-back image
to be considorably out of rcgister with the original, so that the image
deteriorated rapidly as the guin was increased. It was found thet an.
adequate innse was obtained with the tube working at a photon gein of
5.104. As in the previous tube, progressive shorts appeared botween
several dynodcs over a period of a few days, and the photocathodc sensi-
tivity fell rapidly (to 6 fAA/lm after 5 days). It was fclt that both
these effects might be due to localised bresidown, which would liberate
chlorine from the KC1 to attaclt other surfaces in the tube. This
particular‘cathode had been slightly under-cacsiated on activation, and
so would be rarticularly sensitive to chlorine attack. The inclusion

of some suitable chlorine-absorbing material in the tube might help to
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reduce these effects (sec Chapter 7).

The variation of electron gain with multiplying voltage for this
tube is shown in Fig. 24. The gain was measured with a low screen
voltage to prevent optical feedback, so that the values obtained are not
80 high as those which would be recorded with the tube in normal opera-
tion. In spite of this, an electron gain greater than 2.104 was recorded,
at 530 V/stage, the maximum voltage which could be applied without bresk-
down. This gain corresponds to an average stage gain of 2.7, slightly
below the target figure discussed above. The individual stage gains were
not measured, owing to the electrical leakage.

All these tubes had channels 1 mm, in diameter. A single nine stage
tube was constructed with + mm. channels, but inaccuracies in the drilling
process caused severe misalignment, with the result that almost all the

electrons were lost inside the system. No image was obtained.

6.3, Resolution ~ Static and Dynamic
The resolution obtained in these tubes was in good agreement with

that expected from a structure of this type. (Chepter II).

Test patterns consisting of parallel black and white bars of equal
width were normally employed, the width of adjacent bars being either
“:equal (a Poucault test pattern) or graduated across the pattern. The
use of lines of graduated width enabled the minimum resolvable line
width to be determined: test fans were also used in some cases for
this purpose.

As discussed in Chapter II, the limiting resolution is obtained
only when the test bars are of exactly the right width and in perfect
alignment with the dynode structure. Variations in the size or
orientation of the pattern produce various spurious effects., Examples
of this are shown in Fig. 25. Fig. 25a shows a line pattern at the
limit of resolution; 25b shows the same pattern rotated through a slight
angle, and 25¢ the seme pattern turned through a slightly greater angle.
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Fig. 254 shows the "beating" effect produced by a pattern just too fine to
be resolved. All these photographs were taken from tubes with 1 . |
channels.

A notable improvement in rcosolution is obtained by movement of the
image - "dynemic viewing". Figs. 26 and 27 show examples of patterns too
fine to be resolved with the tube static, but which are clearly resolved
when the tube is reciprocated in one dimension. Fig. 26 b and d and
Fig. 27b were obtained by reciprocating the tube in the plane of the
image; with a period short compared with the exposure time and an
amplitude of two or three channel diameters. In fig. 26a, the image of
a TFoucault test pattern of approximately %"lp/bn. is seen; this is not
resolved, the beating effect nmentioned in Chapter II being clearly seen.
In fig. 26b, however, obtained by recivrocating the tube in the direction
perpendicular to the lines of the pattern with an anplitude of two channel
diemeters, the pattern is clearly scen. Similarly, Fig. 26c¢ shows a fan
test pattern graduated fromfm%;

resolved in the static case, except for the extreme coarse end of the fan,

1p/m. to 1 1p/mm. This is not clearly

but in Fig. 26d, obtained by reciprocating the tube with an emplitude of
three chamnel diameters, the whole of the pattern is clearly resolved.

It should be noted that here the larger amplitude of motion has congider-
ably reduced the obtrusiveness of the dynode structure and the visibilitv

of imperfections in the phosphor layer. Finally, Fig. 27 shows a fan test
2
3

at all in the static case (Fig. 272) but is clearly seen in Fig. 27b,

rattern graduated from' 1p/mm,. to 3]_%% 1p/rm. which is not resolved
obtained with an amplitude of motion of two channel diameters.

In 2l! the photographs seen in Figs;'25, 26 and 27, the relative
orientation of the dynodes and the test patterns is such that the
theoretical limiting resolution for a Foucault test pattern is slightly
worse than ¥ lp/mm. owing to the ellipticity of the picture points. It
is thus scen that the limiting resolution in the dynamic case is rather

better than twice thet in the static case, while for a randomly oriented












103.
pattern such as & test fan, an improvement in resolution of almost
four times is found. A similar gain in resolution along the other
a4xis could be obtained by simultanecously reciprocating the tube in the
direction perpendicular to the first motion, still in the plane of the
image. The total effect would be a gain of between three and four times
in the linear resolution in any direction, equivalent to inereasing the
nunber of chamnels by morc than an order of magnitude.

Ideally the two mutually perpendicular motions should be random
in amplitude and frequency, but in practice movements of constant and
equal amplitude and frequency should prove satisfactory. This corres-—
ponds to a e¢ircular (or elliptical) motion, which could readily be

achieved in a practical installation using suech an intensifier.

6.4. Contrast
It will be seen from Fig. 25a that the contrast ratio in the tubes

constructed'was not 100%, the dark areas of the pattern showing some
illumination. As discussed in § 6.2, this was probably due rather to
excessive spacing between the cathode and the first dynode, imposed by
the method of construction, than to straying of electrons from one channel
to another during multiplication. There are two possible causes; first,
the finite emission velocity of the photo-electrons, although this is
small, and second, reflection of light from the front face of the first
dynode to strike the cathode a seeond time, away from the original point
of incidence. The latter appears to be more important, since inecreasing
the potential of the first dynode had little or no effect on the contras@.
In either case, a reduction in the spacing between the cathode and the
first dynode would give a considerable improvement. It is unfortunately
impracticabk atpresent to form the ecathode on the eell walls of the first
dynode, as this woﬁld make it almost impossible to exelude caesium from
the rest of thewdynbde éystem.

Should straying of electrons between channels later prove in fact
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to be a serious problem, the effect could be largely climinated by
coafing the edges of the cell walls with an insulating material such

as MgF,., to act as a physical barrier to the electrons.,

2’
6.5. _Background
The ten-stage tube discussed in § 6.2 showed very little background

illumination at the voltages required to give a light gain of 5.104. As

the voltage was inereased beyond this, however, ficld emission from the
dynodes became noticeable. It would appear that a tube with 1 mm,
channels can be run at some 450 v/stage with no trouble from field
enission, and there is no reason to suppose that dark emission from the
ecathode should be a more serious problem than in a normal photémultiplier
(see Chapter II).

6.6. Conelusion

It has been satisfactorily demonstrated that an electron gain of
between threc and four per stage can be achieved in a channelled tube,
and that very high light gains can consequently be achieved in a tube
much smaller and simpler in operation than other types of intensifier.

. The resolution is limited, but is found to agree with that expeeted from
a channelled strueture, and various possible mecans of improving the
resolution are apparent (see Chapter II). It is felt that the important
-advantages of this type of intensifier have been sufficiently clearly
demonstrated to justify further development of the tube, since on the
basis of the results so far obtained, a fifteen stage tube might be
expeeted to give a light gain of 108 or more with an applied voltage

of only 12 or 13 XV.
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Now that the potentialities of the channelled intensifier have been
demonstrated by the tubes described here, it is useful to consider modi-~
fications in the design and the techniques of construction which might
be made, to eliminate some of the remaining defects. The method of
manufacturing dynodes described here is laborious in the extreme, and
requires considerable care to ensure accurate alignment. The assembly
process is rather difficult, and in addition, even with the modified
design described in 6 5.4.3. and § 5.5. there remains some risk that
caesium will penetrate to the dynodes.

It seems possible that the dynodes might be fabricated by a process
similar to that ocurrently in use for the manufacture of miniature klystron
grids. In this process lengths of aluminium wire are electroplated with
copper to a suitable thickness, and stacked in an array to give a cross-
section similar to that required of the finished grids, but considerably
larger in scale. This assembly is then drawn down to the appropriate
size, the copper tubes being cold-welded together by the drawing process.
Thin slices are cut from the block and etched to remove any burr.
Finally the aluminium is dissolved in a caustic bath to leave a grid-
structure of extremely good shadow-ratio. If this process, or a modi-
fication of it, could be used with nickel or some other suitable material,
possibly by starting with small bore tubing and padking this with alumin-
ium, it would be possible to produce dynodes with integral supportiné
frames, already perforated to take the aligning rods. This would
eliminate the boring process, the prime cause of misalignment in the
finished assembly. In addition, dynodes with very thin cell walls might
be manufactured, added strength being supplied by a thick-walled tube
enclosing the whole of the original assembly.

It is proposed that these dynodes should be activated, and stacked
up on ceramic rods as at present, interleaved with mica spacers. The

assembly would then be inserted into a tightly-fitting Kodial glass
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envelope, with an end window sealed in at an angle of 550. The electrode
assembly would be separated from this end windew by suitable spacers,
and a rectangular-section side arm would allow the photocathode to be
inserted into the resulting space, after processing in a separzte com-
partment. Contact to the dynodes would be made by small springs attached
to the dynodes, pressing against platinum tape seals through the tube
wall. The dynode éssembly would be held in position by a second glass
spacer at the screen end of the tube. This end of the envelope would
also be cut at 550, and carry a Nilo-K flange. The phosphor would be
"settled on a Kodial glass window of the appropriate shape, also sealed
to a Nilo-K flange. Assembly of the tube would be completed by argon-
arc welding the two metal flanges together.

This would produce a tube little larger than the electrode assembly
itselfy The output screen would be on one end window, and the photo-
cathode would be very clcose to the other, allowing good optical coupling.
The dynodes would be accurately aligned, and the thin cell walls would
reduce the dead area of the first dynode - an important pnint with cells
of small diameter. As the photoeathnde would be processed outéide the
tube, caesium vapour would be completely excluded, and field emission
would be reduced to a minimam,

An additional modification might reduce the effeet of chlbriné
attack in tubes using KCl seccndary emitters. A suitable chlorine-
absorbing material might be deposited inside the tube, as close as _
possible to the active surfaces; in fact the ideal position for such
a layer would be inside the channels themselves, on the wall opprsite
that occupied by the secondary—émitting layer. Almost all the chlorine
liberated under electron bombardment would then strike the absorbing
layer and react with it, before reaching the photocathede., By this
means, it should be possible to make tubes combining the several
advantages of KCl sec-ndary emitting layers with the long life required

of a prgctical device, since in the tubes investigated, ehlorine attack
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on the photocathode appeared to take effect much more rapidly than the
corresponding fall in the secondary emission coefficient of the multi-

plying layers.

7.2. A colour image intensifier.

A further possible development of the channelled tube may be
mentioned; a colour image intensifier. Since each picture element of
the photocathode stimulates always the same section of the output
phosphor, in contrast to most intensifiers, each channel could be used
to intensify light of a single primary colour. Colour separation would
be effected at the cathode by a tricolour mask consisting of an array
of tiny colour filters, each operating on a single channel. This mask
might be formed by evaporation through a suitably-modified dynode, so
ensuring perfect aligmment of the filter elements with the corresponding
channels. The phosphor would be deposited in discrete dots, each the
size of a single dynode cell, and giving output light of the colour
appropriate to its particular channel. Thus a fairly simple tube
could be produced which would combine the other advantages of the
channelled tube with the ability to intensify full colour images. The
resolution of such a tube would be rather poorer than that of a normal
channelled tube, owing to the effective reduction in the number of
channels, but this would to some extent be compensated by the fact
that the eye will accept a coloured image of much poorer definition
than that required of a monochrome image.

The channelled tube is unique in its suitability for this applica-
tion, since with other types of intensifier, the accurate registration
required for a colour image is almost impossible to maintain in practice;
slight image distortion, or a very small drift in the power supplies,

would completely destroy the colour rendering.



108.

Acknowledgments

Thanks are due to Professor J. D. McGee, who first conceived
the channelled intensifier, for his continued interest and

encouragenent during this work.

The author is indebted also to Mr. D. Theodorou and
Mr. M. Whillock for their wvaluable assistance in much of

the work described here.

The project was supported throughout by the National Research
Development Corporation and the Department of Seientific and
Industrial Research.



Appendix I. Statistics of multiplication 109.

a) Exponential distribution

A single input electron is found empirically to give an output
pulse of N electrons with probabilty

1 - N
Py(M) = 5 e /NO
0

Then the probability that n input electrons produce N output
electrons follows:-

If the r th electron produces ur electrons at the output, the

n th electron must produce N _“n—l R VI

The product of the probabilities is then

! T_ - -

) 1 N/ {N k.“n—l N !J.n_l. .- . }.l2
P (Nmw. e ~ %y du
n NI; o 1 n-1 f du -2t [ dp 1

: ) 0 0
Moppy v e (- - )
Hpp®r TH2

du _ — _ -

[}
Put - p, o vew =u_ = U

Then Ur = Ur—l T u r-1

3
Then we have f (U3 -1 2) ap

9

2
i)
= _2
2
U,
Similarly = gives 1 U3
du , 4
- 3 3!
0
After eompleting all n - 1 integrations, we get
-1 _
P (N) = 1 oy e N/N
n . o 0
(n-1): N, o

The centroid is determined by teking |N p(N) an
0

and is given by N = Non
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The variance a‘%ﬁ?s then determined by considering
[ - Non)2 p () an

0

Integrating by parts, we get

‘ 2 N Zh
Lo = N

Thengg_ =/ n - signal to noise ratio for the
multiplication process.
The noise generated during multiplication is additive with the

natural statistical noise/ n  present in the original signal.

’signal) . _ /n
Then(\noise Joutput ~J/ 2

Thus the signal : noise ratio is reduced by 30% during the

multiplication process.

b) Probability distribution of photo-electrons

In the visible region, only first-order interactions need be
considered, since for most surfaces the work function is of the same
order as the photon energy.

If the quantum efficiency of the cathode is g, and the number of
photo-electrons produced is n, the probability distribution of n for a

single photon is:

P(n) = 1-g,n=o0
P(n) = J ,n=1
P (n) = o ,n71
Thenn =3 n P(n) = ¢
n
and &/  _ - =y2 o - -
S L3 - PWe(-de

Por p input photons,

A2 P = P
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These liberate M photo-electrons,

where M = pn = p
andA2M=T12;2_; +1—)A2n
=fp + 5 (e-ad) -a
:2—;; = M, so that the photo-electrons also

.Tollow a Poisson distribution.



Appendix II. Constructional Techniques 112.

a) Activation of an SbCs. photocathode

The antimony was deposi;ed from & retractable tungsten wire
evaporator, loaded with a small bead of antimony, and heated by an
eddy current heater in conjunction with a nickel wire pick-up coil.
This evaporator was also used as an anode during caesiation, o
monitor the cathode sensitivity. For this purpose, it was fitted
with a small Inconel spring at the rear end, which pressed against a
layer of platinum paste inside the side arm. Contact was made through
the wall of the side arm by a platinum tape seal.

Caesium was generated in a second side arm, by means of a nickel
capsule containing a mixture of caesium chromate with powdered tungsten
and aluminium.

The first step was to outgas the caesium capsule by eddy current
heating it to a dull red. When the pressure fell to a satisfactory
level, fhe temperature was raised further to initiate the reaction
which liberated free caesium. The metallic caesium was then flamed
into the upper part of the side arm, and the now useless nickel capsule
was sealed off. UNext the antimony layer was deposited to an optical
transmission for white light of SQ%, ag this was found to give the
most sensitive semi-transparent cathodes64. The whole tube was then
baked to 150°C, and the photo sensitivity was monitored while caesium
was driven in from the side arm by means of a heating coil. After
the photo sensitivity reached a maximum, caesiation was continued
until the sensitivity declined to 80% of the meximum value. The tﬁbe
was then cooled, when the sensitivity could be seen to rise rapidly.
The caesium side arm was scaled off; and vhen the tube was completely
cold, the cathode was superficially oxidised by admitting oxygen
produced by heating potassium chlorate in a side arm, after isolating
the tube from the pumping system. When the sensitivity reached its

new maximum, the oxygen was pumped away and the tube sealed off. T%;/

/
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better cathodes produced by this procedure typically had a sensitivity
after reversnlof 25-30 uA/lm.

b) Settling and aluminising of Fluorescent Screens

As discussed in Chapter V, two types of phosphor were used;
willemite, and silver-activated zine sulvhide. The willemite was stored
in an agueous suspension containing 31.5 gm/litre of ammonium carbonate
in solution to prevent aggregation. This suspension was diluted 20 : 1
with distilled water before settling, and the phosphor was settled to a
density of 0.7 mgm/cmz., the optimum for 10kV electrons according to
Zworykin and Mortonﬁs' '

The Zn S was treated rather differently. This material was stored
dry, in the form of a powder with a particle size of less than 54 .
Irmediately prior to use, the nceessary quantity of phosphor was weighed
out and suspended in 100 ml. of 0.22 gn/litre barium nitrate solution,
any aggregates being broken up by gentle ball milling, 12 ml. of
pofassium silicate solution (5.G. 1.020) was added to the suspension,
and the mixture was immediately poured into the settling vessel, a 10 cm.
diameter erystallising dish. After fifteen minutes, the remaining
suspension was syphoned off and the phosphor was dried under an infra-
red lamp., The Zn3 phosphor was settled to a density of 1.5 mgm/cm2.

After drying, the aluminising procedure was the same for both
phosphors. The screen was placed in a beaker fitted with a drain tube
and tap and covered with distilled water. A small quantity of filming
agent (primarily collodion dissolved in a mixture of iso-propyl alechol
and amyl and butyl acetates, with dibutyl phthalate as a plasticizer)
was placed on the surface of the water. This spread out to leave an
extremely thin (a few hundred X) film of collodion as the solvents
evaporated or dissolved. The water was drained off, allowing the film
to settle on the surface of the phosphor, and after drying, the screen

was baked to 12OOC. to eliminate all traces of water.
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It was then placed in a bell jar which was evacuated to a pressure
below 10—5 m., and the aluniniun layer was deposited from a tungsten
wire evaporator, to give an optical transmission of about 0.2%.

Finally the screen was baked at 35000. for thirty minutes to decompose

the organic film, and it was then ready for use.
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INTRODUCTION

The multiplication by secondary emission of a stream of electrons has
been developed to a very high degree, and electron gains of 108 or 10°
are now readily achievable. Thus the detection, either optically or
electronically, of single photons incident on a photocathode is rendered
possible. 2

This fact suggests the possibility of constructing a tube in which the
photoelectrons from an array of image points on the photocathode are
separately multiplied, but retained as a coherent electron image after
multiplication, to give an image of much higher electron density.l:?
The electrons may then be accelerated on to a phosphor screen, or other
detecting element, which might, for example, be the charge storage
target of a television pick-up tube.

Secondary emission image intensifiers have been previously suggested,
by Lubszynski,? McGee,* Sternglass,® Wachtelt and others, but while
these offer the possibility of very high gains, they all require the use of
electron optical focusing techniques, with a consequent increase in
complication and weight, due to the need for focus coils and stabilized
power supplies.

A channelled multiplier tube will have much more modest voltage
requirements than a magnetically or electrostatically focused tube, as
the potential required between consecutive stages will be determined
only by the secondary emission characteristics of the multiplying
surfaces, and not by focusing conditions. The definition will, moreover,
be independent of variations in the supply potential, only the brightness
being affected. It would seem possible to operate a tube of this type
with about 5kV across the entire multiplier section, while other types
of intensifier tube require voltages of this order or greater for each stage.

It is clear that the main difficulty is to make such a device with a
sufficient number of parallel channels to give adequate definition. From

t M. M. Wachtel. The Transmission Secondary Emission Image Intensifier. See p. 59.
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television experience it seems that about 10* channels should be some-
where near the practical minimum, except for a few special purposes
where relatively poor definition would be acceptable. Thus for channels
1 mm. square a structure 4 in. square should give sufficiently good
definition. To improve the definition, the channels could be made
smaller, or the dynodes larger. In the first case, the voltage difference
between consecutive dynodes must remain constant, at or near the
optimum value for secondary emission, and consequently, as the dynode
structure is scaled down, the field strength between dynodes increases,
increasing the risk of insulation breakdown or cold emission. Thus there
appears to be a practical lower limit to channel cross-section, below
which it would be difficult to go. However, there is no apparent reason
why the dynodes should not be considerably larger than 4 in. square, as
the optical image, or the electron image produced from it, may be
magnified to 10 in. square, or even larger. Hence, by reducing the area
of each channel as far as is practicable, and increaging the area of the
dynodes, it seems possible that a picture of 2 x 10° elements might be
achieved.

The essential features of such a channelled electron 1mage multi-
plying system are three:

(1) Electrons from the photocathode, or secondary electrons from any
stage, must strike the secondary emitting surface of the following
dynode.

(2) A high percentage of the secondaries must be extracted from each
stage to the next.

(3) Straying of electrons between adjacent channels of the tube must
be held to an absolute minimum.

Thus the crux of the problem is the choice of dynode geometry, and
the fabrication of the resultant electrode structure. Work on this
problem is at the moment being independently carried out by Burns?
and his collaborators at Chicago Midway Laboratories, and by ourselves
at Imperial College. Most of the work at Imperial College has been done
on the construction of large-scale single-channel models, to investigate
the electron trajectories in various possible dynode systems, although a
certain amount of work has been carried out in the past on the problems
of fabricating and processing multi-stage structures of small dimensions
in actual tubes.

Probably a variety of electrode structures will be found suitable for
this purpose. We have experimentally investigated the following three

types:

t J. Burns and M. J. Neumann. The Channeled Image Intensifier. See p. 97.
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(1) A modification of the well-known ‘“Venetian blind” type photo-
multiplier.

(2) A symmetrical cylindrical structure.

(3) An asymmetrical cylindrical structure.

INVESTIGATION INTO ELECTRODE FORMS
1. Modified “Venetian blind” electrodes
This construction, illustrated in Fig. 1, utilises electrodes of “Venetian
blind” type,® with the addition of partitions to divide the dynode
surface into a series of square picture channels. This results in an
“egg-box’’ type of structure.

Incident electrons

Partitions at right angles
to slats of muitiplier

F1c. 1. Section of ‘“Venetian blind” image multiplier.

A Jarge model was built to simulate one cell of each of two adjacent
dynodes, and a fluorescent screen was added to enable the exit points of
the outgoing electrons to be observed. The electrodes were constructed
of glass, carrying a transparent coat of conducting stannous oxide and
a thin layer of willemite phosphor. The phosphor served as a source of
secondary electrons, and also to indicate the points where electrons
were incident. A beam of primary electrons was provided by a high
velocity electron gun, with magnetic focusing and deflection, and was
fired into the open end of the egg-box structure. It was possible by
means of the phosphor to observe the points of impact of the secondary
and tertiary electrons for various positions of the incident beam.

The results obtained were encouraging, as the electrons were found to
be strongly canalised in passing from one dynode to the next. This



90 J. D. MCGEE, E. A. FLINN AND H. D. EVANS

focusing effect was substantially independent of the relative voltages
applied to each stage, and largely independent of the point of impact of
the primary electron beam. It thus appears that the problem of electron
straying between adjacent channels would be of minor importance in a
structure of this type. It was concluded that dynodes of this form are
perfectly practical from an electron-optical point of view. They are,
however, difficult to make in small dimensions with sufficient accuracy,
and to assemble in exact alignment. Hence a search was made for an
electrode form more satisfactory from these points of view. The first to
be investigated was a simple system of coaxial cylinders.

2. Symmetrical cylindrical electrodes

A single channel of two stages of such dynodes is drawn in Fig. 2a,
while a three-stage multiplying system is illustrated in Figs. 2b and 2c.
As illustrated in Figs. 2b and 2¢, each of the dynodes, D,;, D,, D,

I
l

b

(c) Transverse section

(a) Single channel

Fic. 2. Symmetrical cylindrical dynode structure.
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consists of an array of short cylinders. The cylinders of consecutive
dynodes are mounted accurately coaxial. Each consecutive pair of
cylinders may in fact be regarded as a two-tube electrostatic lens, as
shown more clearly in Fig. 2a, with the electron object, or source, lying
on the wall of the first tube. Thus we might expect a crude electron
image to be formed on the opposite wall of the second tube. If secondaries
are released by the incident electrons at this point, it is then essential
that they should be accelerated on to the third tube, and so on in
successive stages.

It seemed probable that the ratio of length to diameter (L/d in Fig. 2)
of each cylinder would be an important factor in controlling the opera-
tion of such a tube. If the cylinders are too short, electrons will not
strike the opposite wall of the next tube, but will merely be accelerated
through it, without multiplication. If, on the other hand, the segments
are too long, extraction of the secondary electrons will be poor, and
multiplication will again fall off.

If the dynode cylinders are all the same length, and the voltage steps
applied between them are equal, then it is clear that only those electrons
liberated below the mid-plane of each cylinder find themselves in a
field which will accelerate them on to the next dynode. Hence it seemed
desirable to make an investigation of the passage of electrons through
such a dynode system on large scale models, before proceeding to the
construction of small-scale multi-channel systems.

This was carried out in an experimental tube, illustrated in Fig. 3,
in which the electrodes consisted of a cylindrical transparent photo-
cathode C followed by a series of short transparent “Nesa’” cylinders NV,
all formed on the inside wall of the Pyrex tube 7. Contact was made
to the electrodes and to the photocathode by means of platinum tape
seals? P through the walls. The separate cylinders N were about } in.
long and 1 in. in diameter, and could be connected externally in groups,
to vary the effective dynode length. The inner surface of each
cylinder was coated with a thin layer of willemite W to indicate the point
of impact of primary electrons, and to serve as a source of secondaries.

The point of origin of the slow primary photoelectrons could be
altered by moving about a spot of light on the photocathode, and the
corresponding point of arrival of these electrons on the first dynode
observed. Similarly the point of arrival of these secondaries on the
second dynode could be seen, and so on.

The experimental results obtained with the tube shown in Fig. 3 are
illustrated in Fig. 2a. As the exciting spot of light is moved from the
position P to @, the photoelectrons released by it are found to arrive in
quite well defined spots at X and Y respectively. The photoelectrons
from P arrive at a point X rather more than one tube-diameter below
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the top of the next cylinder and as the spot of light is moved above ¢
the point at which the photoelectrons reach the opposite wall moves
far below the point Y. Hence it appears from these preliminary tests

AN ANMAANAA]

Fia. 3. Large scale model of symmetrical cylindrical structure. N — ‘“Nesa’ rings.
P — Pt tape seals. C — Antimony caesium photocathode. T ~ Pyrex tube. W — Willemite
coating inside tube.

that a ratio of L/d of about 2 would satisfy the conditions 1 and 2 listed
above for such a system.
Further investigations are being carried out on this structure.

3. Asymmetrical cylindrical electrodes

Here, the dynodes again consist of many short segments of tube,
arrayed side by side, but in this case the tube ends are cut at an angle,
instead of normally, to the axis. A single channel is illustrated in Fig. 4a
and a three-stage multiplier of this type in Fig. 4b. This structure is
roughly equivalent to a two-tube lens with a pair of transverse deflect-
ing plates positioned across the junction of the two cylinders. Instead of
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travelling from side to side of the tubes as they pass through the dynode
assembly, the electrons now impinge always on the same side of
successive tubes, as shown in Fig. 4b.

Light
Photocgthode 1Y 1

RAANENN
AR
AR
OO %
(b) Longitudinal section

CX XX XXX XD D D D D
(XXX XX X)) D _N_D_J

A
v

(a) Single channel

{c) Transverse section

F1a. 4. Asymmetrical cylindrical dynode structure.

An experimental tube was made to simulate this structure on a large
scale. Basically, the design was the same as for the tube of Fig. 3 for the
investigation of the symmetrical cylindrical structure, except that the
planes of the ends of the photocathode and of the ‘“Nesa’ rings were
now arranged at an angle of 45° to the tube axis. The results obtained
from this tube are illustrated in Figs. 5a and 5b and show a very
desirable system of electron trajectories.

In Fig. 5a the whole tube is visible and the spot of light (1) projected
on to the photocathode by the projector (5) is just visible. The four
resulting spots of fluorescence indicated by (2) represent the successive
points at which the primary, secondary, tertiary, ete., electrons impinge
on the tube walls.

The behaviour of the tube is shown more clearly in Fig. 5b which is a
photograph taken with low general illumination: this shows very clearly
the successive areas (2) of impact of the electron stream on the wall
of the tube, starting from the light spot (1) on the photocathode. It is
~ worth noting that the first fluorescent spot (2) is smaller than the other
three; this is attributed to the fact that the first spot is produced by
photoelectrons having small initial velocity while the other three are



Fic. 5(a). Double exposure showing large scale model
of asymmetrical cylindrical electrode system. 1.
Incident light spot. 2. Luminous patches caused by

secondaries. 4. Auxiliary processing anode. 5. Light

source.

F1c. 5(b). Close-up of same tube in operation, showing:
L. Incident light spot. 2. Luminous patches caused by
secondaries. 3. Scattered light (inside tube).
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produced by secondary electrons which have a much greater spread of
initial velocity and hence are not so easily focused. However, the
enlargement of the fluorescent spot is not, progressive, indicating that a
fairly stable progression from stage to stage has been reached.

The position of the first fluorescent spot was to a large extent inde-
pendent of the position of the spot of light on the photocathode, which
indicates a useful concentrating effect of the electrons in this type of
dynode structure. Moreover, it is anticipated that the optical image will
be projected on to a photocathode formed on the inner surfaces of a
preliminary electrode D, of Fig. 4b. Hence it is to be expected that the
photoelectrons so produced would be directed efficiently on to D,.

Work is now proceeding on large-scale model tubes utilising less
acute angles than 45°, and also on a large-scale model tube utilising
antimony-caesium secondary emitting surfaces, to investigate the actual
emission ratio obtained.

CONCLUSION

On the basis of the work so far done, there appears to be no doubt that
the construction of a system of channelled secondary emission dynodes,
of a form that will satisfy the conditions postulated in the introduction
to this paper, is feasible. The essential problem appears to be to
determine the most suitable form to give efficient operation and
convenience in construction.

Even if high definition intensified images may never be achieved by
such a device, the very large multiplication factors that are to be
expected would enable single primary photoelectrons to be detected
visually or photographically with relatively uncomplicated apparatus.
This would almost certainly render it a most powerful tool in many
fields of scientific observation.
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INTRODUCTION

The channelled image intensifier is fundamentally similar to a normal
non-imaging photomultiplier.»%34 The difference lies in the structure
of the dynodes, which, as the name implies, consist of an array of
channels so arranged that electrons from each element of the photo-
cathode are confined to one particular channel during the multiplication
process. After multiplication, they are projected on to a phosphor
screen to give an intensified reproduction of the incident image. The
relatively coarse structure of the dynodes is imposed on this image, since
brightness variations at the photocathode occupying less than one
channel diameter are destroyed during the process of intensification.

It thus appears feasible to produce a tube which, although having -
fairly limited resolution, has a very high potential brightness gain.
This can be achieved with a very modest voltage across the dynode
section; a typical photomultiplier, for instance, may give a gain of 10¢
or more with a total applied voltage of about 1-5kV. A few kilovolts
must also be supplied to accelerate the electrons to the fluorescent
screen, but the overall voltage is still less than that required for a single
stage of other intensifiers. No magnetic field is required since the
focusing is an inherent property of the electrode structure, and there is
consequently no need for a solenoid, with its stabilized current supply.
Also the e.h.t. supplies need not be so accurately stabilized as when
magnetic focusing is used. Finally, since the resolution is determined
only by the dynode structure, the addition of extra multiplying stages
causes no loss in resolving power, so that within reason any desired
gain may be achieved by increasing the number of stages.

The resulting simplicity of operation, combined with the small size of
such a tube and its potentially high gain, make it a very attractive
proposition, in spite of its limited resolution and the practical difficulties
involved in its construction.

Dy~opE Form

Various possible electrode forms have been investigated,® chiefly by
means of large-scale models. The structure finally selected is one in
which each cell of the dynode consists of a short cylinder with its ends
sliced at 55° (Fig. 1). The inside walls of the cells are coated with a
suitable secondary electron emitter.
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With this arrangement, electrons striking a cell wall in the first
dynode produce secondaries which are drawn into the corresponding
cell of the second dynode. At the same time they are deflected to the
wall by the asymmetrical field resulting from the oblique cell structure.
Multiplication then occurs, and the process is repeated.

It will be clear that the geometrical proportions of the elementary
cells are of prime importance. If the cylinders are made too short, elec-
trons may completely miss one stage, and so electron gain is lost. Such
electrons also have a much higher than normal chance of straying into
an adjacent channel. If, on the other hand, the cylinders are too long,

Photocathode

7 I 77 L 7 77

V/ /LS
g4 [/
v /] Dynode assembly
v/ v
/[ /LS

i | Phosphor screen

Fie. 1. Diagram of channelled image intensifier.

the extracting field of the following dynode is weakened, so that some
of the secondaries fall back into the surface, and are lost to the multi-
plication process. Similarly, the angle between the axis of a cell and
the plane of its ends is an important parameter. If this angle is too
acute, the field due to one dynode penetrates too far into the succeeding
dynode, and tends to inhibit the escape of secondary electrons. If,
however, the angle is too obtuse, the electrons are not sufficiently
strongly deflected to the wall of the following cell, and again tend to
miss a stage.

The structure finally adopted after the investigations previously
mentioned seems to be a reasonable compromise between these various
factors. The cells used have a slant length equal to twice their diameter,
and the plane of the ends of the cylinders is at 55° to the longitudinal
axis.

Tests on large-scale dynodes of this form suggest that about 659, of
the secondaries produced reach the following stage and later results
obtained from small-scale tubes are in agreement with this. In these
tubes, dynodes activated by a method giving a true secondary emission
yield of about five were found to give a stage-gain of a little over three.
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Dynode Fabrication

The dynodes are manufactured from nickel tubing as used for the
manufacture of thermionic cathodes. In the tubes so far constructed,
1 mm diameter tubing with walls 0-002 in. thick has been used, although
dynodes using 0-5 mm diameter tubing are now being constructed.

Six-inch lengths of this tubing are assembled in a steel brazing jig,
so that the array, viewed from one end, exhibits a hexagonal close-
packed structure. This enables the maximum number of channels to
be used, and in the present dynodes there are 291 tubes, forming an
array 18 mm x 15 mm. At each corner of the array, a rectangular
nickel bar is incorporated. The whole assembly is brazed together in a
vacuum stove, using silver—copper eutectic alloy at 850°C. This
material readily wets the nickel of the tubes, but is prevented from
entering them by plugs of gun cement (a mixture of alumina and
potassium silicate) in their ends.

Slices are cut at the requisite angle from the resultant block of tubes
with a high-speed cut-off wheel. These are then ground to the exact
thickness required. This process also removes the larger part of any
burr formed in the cutting operation. The slices are placed in a drilling
jig and a % in. diameter hole is drilled in each of the four nickel rect-
angles at the corners. After a light etching in warm dilute hydrochloric
acid the dynodes are then ready for use.

Tube Assembly

The electrodes are fitted with nickel leads, and vacuum stoved to
700°C. The chosen secondary emitter is evaporated on to them in a
special demountable bell jar, which is then transferred bodily to a
glove box in which a dry and, if necessary, inert atmosphere is main-
tained. There the bell jar is opened and the dynodes are removed.

The electrode assembly is built up on a stainless steel base plate,
fitted with a springy stainless steel skirt which presses tightly against
the tube wall and excludes caesium from the dynode system during
activation of the photocathode. The cathode is formed on a rectangular
glass plate which fits into a shouldered recess on the other side of the
base plate, and is held in position by light springs. After the photo-
cathode is processed, the glass plate is turned over so that its sensitive
surface faces the dynode assembly. The dynodes are attached to this
plate and held with individual channels aligned by ceramic rods passing
through the four holes at their corners. They are separated from each
other and from the photocathode plate by mica spacers of suitable
thickness. Tubular glass spacers separate the fluorescent screen from
the last dynode. The whole assembly is fixed together by spring clips



158 E. A. FLINN

which fit tightly on the ceramic rods, and is held in place in the tube by
clips attached to the stainless steel shelf, which engage with tungsten
pins set in the tube wall. Contact to the dynodes from the outside of
the tube is made via a further set of tungsten pins, to which the dynode
leads are attached. Finally the glass end-plate. of the tube is sealed in
place with silver chloride.

REsuLTs

So far MgO has proved the most satisfactory secondary emitter.
Attempts have also been made to use SbCs; and KCl, but these have
been less successful.

In one four-stage tube, using MgO as secondary emitter, a total
electron gain of over 30 was recorded, at 480 V per stage. The four
stages had respectively gains of 1-35, 2:65, 3-1 and 2-9. With KClI
emitters, the best stage gain achieved has been a little over 2. In all
cases the gain of the first stage has been significantly less than that of
the others, which indicates the need for further study of the problems of
electron transfer from the photocathode to the first dynode, and the
extraction of secondaries from this dynode.

The resolution obtained agrees well with that to be expected from a
structure of this type. Three hundred elements are too few to reproduce
anything other than the simplest of images, but test patterns of parallel
bars are adequately imaged. For a dynode having circular elements
1 mm in diameter, arranged in a hexagonal close-packed array, the
theoretical resolution for a randomly oriented pattern of equal width
parallel black and white bars is about }Ip/mm. The maximum
possible resolution is obtained when the lines of the test pattern are
aligned with those of the dynode array, when about 0-6 Ip/mm can be
resolved. With obliquely cut dynodes, however, the elements are not

Note added in proof.

Since the original presentation of this paper, rather better results have been
obtained using KCl layers. Six-stage and ten-stage tubes have been built with
KCl secondary emitting surfaces. One of the six-stage tubes gave an electron
gain per stage of slightly over 3 at 750 V/stage, while a ten-stage tube had an
overall electron gain greater than 2 x 10? at 530 V/stage. This tube had a photo-
cathode sensitivity of 25 pA/lm but the aluminium backing layer on the phosphor
was too thin, and the consequent optical feedback limited the useful light gain to
about 5 x 10%, obtained with an overall voltage of 11 kV. Above this value, the
image deteriorated progressively, since the arrangement of the channels causes
the fed-back image to be considerably out of register with the original (see Fig. 1).
In all these tubes, the first dynode was made only half the thickness of the others,
as this was found to improve the gain of the stage by some 35%,.
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circular, but elliptical, and the resolution is reduced in the direction
parallel to the major axes of these ellipses, the maximum resolution
falling to slightly less than 0-5 Ip/mm.

Results obtained with actual tubes tally well with these figures; and
the theoretical resolution of 0-5 Ip/mm can in fact be obtained when the
test pattern is accurately aligned with the dynode structure (Fig. 2).
The systematic arrangement of the picture elements gives rise to some
effects not found in other types of image tube. If, for instance, a

Fra. 2. Limiting resolution: 0-5 Ip/mm. Test pattern aligned with
dynode structure.

pattern at the limit of resolution is moved laterally by 0-5 mm, the lines
totally disappear, since the electrons from a bright bar are then equally
divided between two adjacent rows of apertures. Similarly, a zig-zag
effect is produced by rotating such a pattern through a small angle.
Patterns slightly coarser than this are not perfectly resolved; they
“beat’” with the dynode structure, and a widely spaced periodic intensity
variation across the screen results. A similar effect is seen with patterns
just too fine to be resolved. These phenomena are very similar to those
observed with fibre optics, which possess the same type of ordered
structure.

Tt has been found® when using fibre optical systems that the resolu-
tion is much improved if both ends of the fibre system are moved n
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synchronism, preferably with random direction and amplitude, an ampli-
tude of a few fibre diameters being sufficient. Theoretically, the limiting
resolution is more than doubled, and this has been observed in practice
with our tubes. For example, Fig. 3 shows two images of a test fan
having 1 lp/mm at the fine end, and approximately 0-33 Ip/mm at the
coarse end. In Fig. 3(a), with the tube static, only the extreme coarse
end of the fan is resolved, and that very poorly, while in Fig. 3(b),
obtained while reciprocating the tube with an amplitude of two channel
diameters, the whole of the fan is clearly resolved. The factor of three

(b)

Fia. 3. (a) Image of fan pattern, tube stationary, 1 Ip/mm at top. (b) Image of
the same fan pattern; tube reciprocated with amplitude of two channel diameters.

thus gained in the linear resolution is equivalent to an order of mag-
nitude increase in the total number of channels. Furthermore, with
line patterns near the limit of resolution, the ‘“beating” effects men-
tioned above are eliminated, and such patterns can be resolved in any
orientation. The pattern of dots which form the static image is
rendered much less noticeable in the dynamic case, so that a more
pleasing image results. In practice, these advantages might be realized
either by mechanical movement of the whole tube, or by synchronously
sweeping the input electrons across the first dynode and. the output
electrons across the phosphor. Some additional complication in the
tube and its associated equipment would be involved, but the very
valuable increase in information capacity might well justify this.
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In the tubes discussed, cross-talk between adjacent channels has not
appeared to be a serious problem, at least at the gains so far achieved.
Illumination of the photocathode with a bright pin-point image
produces a single bright spot at the phosphor, with no visible halo.
Should cross-talk prove troublesome at higher gains, it should be rela-
tively easy to coat the edges of the dynode apertures with some suitable
insulator, to act as a physical barrier to straying electrons.

FuTurRE DEVELOPMENTS

Plans for the future include the construction of tubes with smaller
channels, with a consequent improvement in resolution. This is the
most obvious method of improvement, although the scanning method
mentioned earlier, or an increase in dynode area, coupled with mag-
nification of the input image, are alternative possibilities. Dynodes
with 0-5 mm channels are now almost ready for use; they are otherwise
exactly the same as those now in operation, and no serious difficulty is
anticipated in their assembly. The resulting 1200 channels should be
able to convey sufficient information to give a recognizable picture of
a quite complex object, such as a human face.

To scale down the channel size still further, however, will require
improvements in the technique of fabrication. Alignment becomes con-
siderably more difficult as the scale is decreased, and in addition to this
the finite wall thickness of the tubes becomes even more important.
About 0-0015 in. is the thinnest wall which can readily be produced,
although this can be considerably reduced by -etching the completed -
dynode. The 0-5 mm tubes mentioned above initially have walls
0-002 in. thick, so that about 36%, of the cross-sectional area is occupied
by the wall. This is primarily of importance in the first stage, where it
reduces the efficiency of utilization of photoelectrons.

Efforts are also being made to produce secondary emitting surfaces
with a higher consistent yield. The next stage will be the construction
of tubes with more stages, and consequently, it is hoped, higher gain.

CoNCLUSIONS

It is felt that the results obtained to date are sufficiently encouraging
to justify the continuation of our attempts to construct a channelled
intensifier; the compactness of such a tube, its simplicity of operation,
and potentially high gain may compensate for the considerable practical
difficulties involved in its manufacture. The possibility of making
tubes of very large sensitive area is also attractive, particularly in the
fields of scintillation chamber work and X-ray fluoroscopy, where the
small area of other intensifiers is a serious disadvantage.

6
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~ Discussion

A. E. HUSTON : Have you found differences in the multiplication obtained in the
different channels?

E. A. FLINN: Not at the gains we get at present. Non-uniformity of the photo-
cathode sensitivity has proved to be a more serious cause of variation in gain
across the sensitive area of the tube.

W. F. NIKLAS: As you have (a) packing losses, (b) losses due to dynode channel
thickness, and (c) difficulties in collecting the photoelectrons in the first stage,
the “effective’ quantum yield of the photocathode should be quite low. Is this
effect an inherent limitation?

E. A. FLINN: The possibilities of reducing the effects of these three factors can
be summarized as follows.

(a) When cylindrical channels are used in a hexagonal close-packed arrange-
ment, there is a packing loss of about 99, of the total dynode area. It is
doubtful if anything would be gained here by the use of square or hexagonal
channels, as the extracting field in the corners of these would be rather weak.
A periodically shaped photocathode surface would help to reduce this loss.
Losses due to the wall thickness of the channels can readily be cut down
by reducing the wall thickness; to do this for very small-scale dynodes will
necessitate an alternative method of construction. The shaped photo-
cathode suggested above would help to reduce this loss also.

(¢) The difficulty here lies not in collecting the photoelectrons—this is caused
by (a) and (b)—but in extracting the secondaries produced, since the field
in the cells of the first dynode is not the same as in other dynodes. The
optimum thickness for the first dynode has not yet been determined, but it
is probable that a significant improvement can still be obtained.

An attractive possibility is the deposition of the photosensitive surface on the
inner walls of the cells in the first dynode. Losses would still be present, but the
possibility of photoelectrons entering the wrong channel would be eliminated, and
the extraction of secondaries from the first multiplying stage would be improved.

(b

-~
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