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Abstract 

Following a short discussion on the methodpof image 

intensification in general, and by transmitted secondary 

electron emission in particular, the preparation and 

testing of a new form of dynode is described. 	Finely 

divided potassium chloride, prepared by evaporation in 

argon, was used as the secondary emitter. 	The dynode 

possessed high electrical resistivity and was able to 

support electric fields which caused electron gains in 

the region of 50. 

The current gain of the dynodes was investigated in 

a demountable tube, and sealed off image intensifiers 

using these dynodes were produced. Apart from the high 

secondary emission of these dynodes, these intensifiers 

did not show promise; the resolution was poor, sustained 

emission was observed, and the image was marred by localised 

breakdown. 	The electron gain fluctuated when the primary 

current was interrupted for a short time. 

Measurements of the equilibrium surface potential 

showed that it depended on the energy of the primary 

electrons and on the potential of a mesh near the exit 

surface of the dynode. 	The electron gain was a nearly 

exponential function of the surface potential. 



The dynodes were investigated as targets for 

television camera tubes a tube was produced which 

showed charge gains of up to 30 was free from lag, and 

had a target capacity of 500pf. 

This tube was used to investigate the dynamic 

behaviour of the dynodes in intensifiers. 	The surface 

potential rose and then fell to an equilibrium value 

it also fell when the pT.imary current was interrupted. 

The complicated behaviour of the dynodes was shown to 

be associated with the electric fields necessary for 

enhanced electron gain. 
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CHATTLR 1 

Introduction and Survey 

1.1 Introduction 

During the last few years image intensifiers have been 

developed in various forms and are now of use in many 

branches of science. 	In medicine, x-ray image intensifiers1 

have reduced the radiation dose necessary for fluoroscopic. 

examination; they hare also removed the necessity for dark 

adaption on the part of the operators who no longer have to 

work in total darkness to see the feeble illumination from 

x-ray excited phosphors. 	The use of image intensifiers 

in astronomy has brought about an effective increase in film 

speeds and may bring about a reduction in the threshold 

brightness of stars which can be photographed. 	In nuclear 

physics the use of particle detectors with high time and 

spatial resolution has been made possible by the use of image 

intensifiers. 	Other fields in which image intensifiers 

have been of use include electron microscopy2, high field 

ion emission,  and x-ray diffraction`. 	The image intensifier 

increases the effective sensitivity of the eye at low light 

levels5  and has reduced the light level at which tine and 

television cameras can be used". 
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It is a consequence of the quantum nature of light, 

that a maximum signal to noise ratio is inherent in a light 

signal of given intensity and duration incident on a given 

area. No amount of amplification can increase this signal 

to noise ratio, whilst it can all too easily be degraded 

by a detector which fails to respond to all the incident 

photons and adds noise. 

The comprehension of a picture involves its dissection 

into a large number of small elements and the evaluation 

of the relative light intensities within these elements. 

Suppose a picture element receives photons at an average 

rate of n per second, and that the incident photons are 

counted by some means for a time t. Because of the random 

emission of photons, counting will in general reveal a 

number different to nt. 	The probability of counting a 

given number of photons will be given by a Poissonion 

distribution with a mean value and mean square fluctuation 

of iit7'8'9 	The maximum signal to noise ratio will be 

given by 

SAT 	-7  

It follows follows that an increase in either n or t leads 

to an increase in the signal to noise ratio. 	The counting 

of photons over a finite time is known as integrations 
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because no measurement of the rate of arrival of photons 

can be made without the passage of a finite time, integration 

forms an essential part of any image evaluation process. 

The period of integration can vary over wide limits. 	In 

photography it can vary from micro-seconds to hours. 	The 

integration period of the human eye is in the region of 0.2 

sec10, that of a studio television camera is 0.04 sec. 

Integration over an extended period is frequently used to 

increase the signal to noise ratio of weak or low contrast 

images, see for example sections 1.3 and 7.1. 

If the signal to noise ratio in the incident image is 

to be maintained, each photon must be recorded by the 

detector. 	In many instances a fraction a of the incident 

photons will each elicit a response from the detector 

corresponding to one incident photon, while the remaining 

1 - a will elicit no response at all. 	An example of such 

a detector is a photo-emissive layer with a quantum 

efficiency of 0 . 	It is easy to show that the maximum 
.•••••s 

signal to noise ratio at the output is reduced from 0-it to 

Vo&t. 

Further degradation in the signal to noise ratio may be 

occasioned by spurious signals produced by the detector, 

and by multiplication processes which are subject to 



statistical fluctuations 

It is of interest to consider the detection of barely 

distinuishable features within an image. 	Suppose N 

photons are detected within a small area of an imae, where 

it would have been expected to detect TY photons had the 

region around and including the area considered been 

uniformly illuminated. 	Is the fact that N is different 

to N the result of a feature within the imago, or is it 

the result of a statistical fluctuation? The only 

statement which can be made is that if 

N N k(77)2  where t'N is the moan 

square fluctuation of N, there is a 'devree of certainty' 

that the chanze in photon density 	the result of a 

feature within the image. 	The value of k will vary with 

the 'der:roe of certainty' required. 	7xperimental values 

of k are in the region of fivel3  althouh mathematical 

analysis indicates lower values, barely in excess of unity 

N varies witla the area of the picture element and it can 

be seen that the resolution within the imag e is a function 

of the integrated_ light flux as well as the properties of 

the light detector. 
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1.2 Quantum Efficiency 

The ratio number of countable  output events is defined number of incident photons 

as the responsive quantum efficiency of a detector9. 

Within limits it is a useful concept, but in many 

circumstances it is ambiguous and does not always give a 

real indication of the usefulness of a detector. 	For 

example, although a detector has a high responsive quantum 

efficiency, it may also be very noisy, and present less 

information about a given light signal than a detector 

which has a lower responsive quantum efficiency but adds 

very little noise. 	A more satisfactory criterion of the 

usefulness of a detector is given by the equivalent or 

detective quantum efficiency8'9  which is defined as 

(signal to noise ratio at output  of detector 2  
signal to noise ratio at input of detector,' • 

When every photo electron from the cathode of an image tube 

is detected with equal weight, and no spurious electrons 

appear to be detected, the responsive and detective quantum 

efficiences are equal. 	In all practical image tubes, the 

responsive quantum efficiency is greater than the detective 

quantum efficiency. 

A striking example of the difference between the two 

definitions of quantum efficiency is given by considering 



a television camera., which may employ a photo--cathode 

with a responsive quantum efficiency approaching 20%. 

At low light levels the detective quantum efficiency may 

drop astronomically as the signals produced by incident 

photons cannot be distin,7uished from those produced randomly 

within the camera and associated amplifiers. 

A large Dart of the usefulness of image intensifiers 

lies in their use of photocathodes of high responsive quantum 

efficiency. 	The quantum efficiency of a photocathode can 

reach values around 20% under optimum conditions,
11 and 

image tubes can be designed with detective quantum efficien- 

cies of this order. 	This value compares favourably with 

1) to 	for the dark adapted eye
8 
 '" 1( and 0.1';  to V/.. for 

the photographic emulsion12  . 

Two uses of image intensifiers in nuclear physics and 

astronomy which illustrate the different de:nands made on 

image intensifiers will be discussed briefly. 

1,3 The Detection of VeryWeakStar Ima 

The use of an unaided photographic emulsion for the 

detection of weak star imaE.es against the 
	

background is 

first considered. 	Suppose that on the area of emulsion 

occupied by a star image, n1)  photons per second arrive from 
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the sky background, and that an additional n, photons 

per second arrive from a star. 	Suppose also that the 

area of emulsion considered contains N statistically 

effective silver halide grains. 	The maximum signal to 

noise ratio in the developed photograph will be obtained 

if the emulsion is exposed for a time t until nearly all 

the grains have been rendered developable by the sky back- 

ground. 	Under these conditions the noise represented by 

fog can be neglected. 	The star can be recognised if 

arnst > k(opnbt), where t  
opnb  

k is the coefficient of certainty, ando is the quantum 

sensitivity of the emulsion. 	Substitution gives the 

condition that a star can be recognised as 

knb 
ns N 

It can be seen that the threshold magnitude of detectable 

stars is partly determined by the number of grains per unit 

area of the storage capacity of the emulsion. 	For practical 

reasons, an upper limit exists for the storage capacity of 

the emulsion13. 	If the number of grains of a given size is 

increased, the additional grains overlap and no advantage 

is gained. 	The use of finer grained plates is prevented 

by the decreased film speed and the onset of reciproOty 



failure14 before the threshold of finer plates is excelled. 

Wilcock and Baum have considered the use of an image 

intensifier to intensify the imai7e before it is projected 

on the emulsion -. 	They showed that it is possible to 

obtain an effective increase in film speed without an 

appreciable increase in the threshold brightness of 

detectable stars, if the number of grains rendered develop-

able by individual photo-electrons leaving the cathode of 

the tube is much less -than one. 	On the other hand, if each 

photo-electron renders g grains developable, where g ?, 1, 

the further increase in film speed is obtained at the cost 

ofan increase by a factor (2g + 1) 	of the threshold 

brightness of detectable stars. 	This increase in threshold 

brightness arises from fluctuations in the liht gain of 

the tube, and the reduction in the effective storage capacity 

of the emulsionas g grains are used to record a single 

photo-electron. 	It should now be possible to decrease 

the threshold brightness of detectable stars by the use of 

a finer grained emulsion. 	This possibility arises because 

the gain of an intensifier could be adjusted so that the 

effective speed. of the finer emulsion is increased and 

reciprocity failure is avoided, but the storage capacity 

is not wasted by the 'over recording' of photo-electrons. 



It is important in this application of image intensi- 

fiers that the tube background should be low. 	A high 

background would add spurious signals and cause premature 

saturation of the emulsion. 

1.4 The Use of Image Intensifiers in Nuclear Physics 

Scintillation chanbers16'17 and Cerenkov detectors178 

provide the possibility of particle detection with bath high 

time and high spatial resolution. 	Because only a small 

number of photons is associated with the track or the ring 

produced by a high energy particle incident on these two 

detectors, image intensifiers are required to provide a 

record of as large a fraction as possible of these photons.* 

To do this the cathode of the image intensifier must have a 

high quantum sensitivity, a large fraction of the emitted 

photo-electrons must produce an output pulse, and the light 

gain of the intensifier must be sufficient to ensure that 

each light flash from the output phosphor produces a photo- 

graphic record. 	Because the position of arrival of the 

photons provides the information reauired about the 

particles, the intensity fluctuations of the output pulses 

are of secondary importance. 	Furthermore, the tube is 

pulsed to be sensitive for only short periods, and the 

* If fibre scintillation chambers are used, this requirement 

is slightly less exacting although image intensifiers are still 

required. 
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presence of background, whilst undesirable, is less 

important than it would be in astronomical applications 

where comparitively long exposures are made. 	Considerable 

advances have been made with 'gated' tubes which are 

arranged to be sensitive for only a short time19. 	The 

particle detectors described are continuously exposed to 

particle fluxes, and when it has been decided by auxilliary 

counter equipment that an event of interest has occurred, 

the tube is made sensitive by the application of a high 

voltage pulse to suitable tube electrodes. 

1.5 Practical Image Intensifiers  

Although various forms of image intensifier have been 

developed, the great majority use a photo-cathode to convert 

the incident optical image into an electron image. 	It is 

in the subsequent treatment of the electron image that the 

various forms differ. 

1.6 Image Intensifiers Using Electronography  

The most direct method of image intensification is 

that developed by Lallemande2°  where the Photo-electrons are 

accelerated and focussed on to an electron sensitive emulsion 

in the same vacuum chamber. 	The electrons are accelerated 

to about 25Kv and are each able to produce at least one 

developable grain. 	The electron sensitive emulsion is very 
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fine grained and free from fog. Although the technique 

yields extremely good results, it is difficult to use and 

the life time of the photo--cathodes is limited by the 

demountable nature of the system and by attack by vapours 

from the emulsion. 

The technique has been modified. by Hiltner et a1
21 

who separated the cathode and emulsion by a foil thin enough 

to allow the passage of fast electrons, but able to prevent 

the passage of the vapours responsible for the deterioration 

of the cathode. 	It is certain that whatever the success 

of this technique, its use is complicated by the need for 

continuous pumping and air--vacuum locks. 

The Lenard window tube22'2324 developed by McGee 

and Wheeler, shows promise of retaining the advantages 

of Lallemande's technique and the simplicity of use inherent 

in a 'sealed off' tube. 	It consists of an evacuated. tube 

with a photo-cathode at one end and a thin mica window at 

the other. 	The mica window althoughable to withstand 

atmospheric pressure,is thin enough to allow the passage 

of fast electrons. 	The emergentelectrons are able to 

cause the production of a developable image in an electrono- 

graphic emulsion pressed against the mica window. 	The 

images produced show resolutions in the region of 801p/Mm. 

but the usable area of the photo-cathode is limited by the 
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small size of mica windows able to, withstand atmospheric 

Pressure. 

1.7 Tubes with Phosphor Outputs 

A different method of utilising the photo-electrons 

is to focus the electron image onto a phosphor screen in the 

same vacuum envelope as the photo-cathode. 	The electrons 

are accelerated and strike the screen with an energy of 

10 to 20 Kv; the electron image is converted into an optical 

image which can be viewed directly or photographed. 	The 

light gain of such a tube has been derived theoretically 

by Mandel25. 	Typical values are in the range 30 to 90, 

depending on the photo-cathode, the phosphor, the spectral 

composition of the incident light, and the spectral response 

of the final detector. 

It is difficult to design an optical system which will 

transfer more than about 20 of the phosphor output on to 

a photographic emulsion. 	The effective light gain of the 

tube is reduced by this fraction to a value which is usually 

of very little practical use. 	It is possible to dispense 

with the optical system by settling the phosphor screen on 

to a thin mica window against which a photographic emulsion 

is pressed263 scattering within the mica reduces the 

resolution of the tube to a value in the range of 20 1p/mm. 
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1.8 Cascaded Image Intensifier 

The gain of several phosphor output tubes can be 

utilised by cascading them. 	If the phosphor and photo-

cathode of successive intensifiers are formed on opposite 

sides of a thin membrane, almost complete optical coupling 

can be obtained.with very little image degradation due to 

light spreading within the membrane. 	An intensifier giving 

very high light gains can be made by incorporating several 

such phosphor photo-cathode sandwiches within one vacuum 

envelope. 

1.9 Tubes r,mployinz Secondary Electron Emission 

Several methods have been developed whereby the 

photocu.rrent is multiplied by several stages of secondary 

electron emission, the electron image being preserved in 

succeeding generations of electrons. 

1.10 Niultiyac t or 

In the Multipactor27 the photo-electrons are returned 

to the photo cathode by a combination of alternating electric 

fields with sufficient energy to liberate secondary electrons. 

The latter are returned as many times as is necessary to 

give the desired electron gain after which they are 

accelerated on to a phosphor. 	Although the tube gives high 



electron gains, it is complicated in operation, requires 

strong magnetic fields for focussing:, and can only be used 

in applications where its short sensitive period is not a 

disadvantage. 

1.11 Channelled Image Intensifier 

, In the channelled image intensifier28,29 30,31, the  

electron image is focussed onto an array of parallel electron 

multipliers. 	Each multiplier multiplies the current from 

a small area of the image, and within this area no attempt 

is made to retain the image focus. 	The output from the 

array of electron multipliers is finally accelerated and 

focussed onto a phosphor. 	Several forms of this intensifier 

have been developed, the most promising of which is that 

of Wiley and Hendee31. 	Very fine tubes of glass coated 

internally with a resistive coating serve as the individual 

multipliers. 	A potential, typically 1,000 to 2,000 volts 

is applied along the tubes, and the electrons focussed on the 

inside of the tube give rise to a cascade of secondaries 

along the inside of each tube. 	The resolution of the 

intensifier is limited by the discrete nature of the multiplier 

array. 	At present resolutions of 2 1p/bm have been reported, 

although it is possible that resolutions of 201p/mm might 

eventually be achieved. 
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The advantage of this intensifier is its small size 

and the fact that no auxilliary focussing equipment is 

necessary. 

1.12 Transmitted. Secondary jaectron lJnission Imafe Intensifier 

Plectron multiplication by transmitted secondary electron 

emission was first proposed before the war. 	Its 

successful application is based on the observation by 

Sternglass and Wachtel that if a thin layer of a suitable 

insulator was used as a secondary electron emitter, electron 
12,33 

gains of up to eight could be obtained from a single dynode. 

Of the materials tried, potassium chloride appeared the 

most promising, and it was establihed that 90 of the 

emergent electrons had energies below 6 volts and were 

suitable for refocussin on to succeeding stages. 	At the 

same time it was estimated that an upper time limit for 

the production of secondaries was 10 10  sec. 	Since these 

observations, several laboratories34'35'36  have produced 

successful intensifiers using transmitted secondary emission 

from potassium chloride, and several practical intensifiers 

are now available commercially. 

A deScription of the intensifier developed by Wilcock, 
30V 

hmberson and Weekley at Imperial College follows. 	A series 

of dynodes is held normal to the axis of an evacuated tube, 
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figure 1.1. 	ilectrons from a photo-cathode at one end of 

the tube are accelerated and focussed on to the first dynode. 

Each electron releases secondary electrons from the far side 

of the dynode which are focussed on to another dynode. 

This process is continued down the length of the tube and 

the electrons from the last dynode are accelerated and 

focussed on to a phosphor at the far end of the tube. 

Each dynode (figure 1.2) consists of three layers; the 

first is an anodically prepared layer of A1207  which is 

500 R. thick and strong enough to support the dynode. 	A 200 R 

layer of aluminium is vacuum deposited on the support membrane 

and provides electrical conduction to the dynode. 	The 

secondary emitter is a 500 R layer of potassium chloride 

vacuum deposited on the aluminium layer. 	The incident 

primary electrons penetrate the Al203 and Al layers and 

form secondary electrons in the potassium chloride layer, 

which are emitted from its far side. 	The electron gain of 

a typical dynode and the electron and photon gains of a 

typical five dynode tube are shown in figure 1.3. 

A particular advantage of the T.S.T:.E;,, imae intensifier 

is the speed with which secondary emission occurs. 	Recent 

measurements by Blattner et al37 have confirmed the early 

estimate by Stern lass and Wachtel of the speed of emission. 

* Transmitted Secondary Electron 



Photo-Cathode 

Focus Coil 	 Phosphor Screen 
Fbtential 	Divider 

Platinised Glass Electrodes. 
Thin Film Dynodes. 

Fig. 11 Five Dynode Transmitted Secondary Electron Emission Image Intensifier 
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Secondary Electrons 

500A° 41203 Support Layer 

200A° Al Conducting Layer 

500A° KCl Secondary Emitter 

Fig.I.2. Section Through Transmitted Secondary Emission Dynode 

Primary 
Electrons 
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Incident Electron Energy(Kv) 

Fig .I.3  Current Gain of  
Typical Dynode as a  

Function of Energy.  

Fig.I.4 Variation with Overall Vnitnao of 
Light Gain and Current Gain of Five  



Blattner,using a travelling wave tube7found that secondary 

emission from a dynode similar to that just described 

took less than 2 x 10 10  sec. 

Spatial resolutions approaching 401p/ 
	

have been 

obtained in commercially available tubes, with five dynodes55 

and it appears possible that the resolution could be increased 

to values approaching 501p/.= by the use of finer output 

phosphors and closer dynode spacing,. 

1.13 Contrast Defradation by Penetratin7 Primarylectrons 

A fault, peculiar to T.S.B.h:. intensifiers is that of 

contrast degradation resulting from the penetration of 

primary electrons through the dynodQ. 	Not all the electrons 

emitted from the dynode have a low energy a substantial 

fraction have energies above 50 eV, many of the latter 

being primary electrons etc, which have penetrated the 

dynode. 	As a result of their large forward velocities, 

these electrons are unable to satisfy the same focussing 

conditions as the slow electrons which comprise the greater 

part of the secondary electron current. 	The optimum tube 

focus is obtained when the latter are focussed and 

consequently the fast electrons arrive out of focus at the 

.next focal plane. 	The result is a light induced background 

and a degradation of the image contrast. 
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1.14 Variation In Intensity of Output Pulses 

As a result of the discrete nature of the photo-electron 

current, the output from a focussed tube will be localised 

flashes of light which can be seen or photographed when 

the light gain of the tube is high. 	Inspection of 

photographs of these output scintillation reveals a large 

variation in their intensity. 	This variation has been 

investigated by coupling a photo-multiplier to the output 

phosphor.38,39 	After suitable shaping, the pulses obtained 

from the photomultiplier were passed to a pulse height 

discriminator and pulse counter. 	The integral pulse 

height distributions were found to obey different laws 

according to the origins of the electrons causing the 

pulses. 	An exponential variation of pulse heights was 

obtained for output pulfts produced by photoelectrons. 

When the cathode was in darkness, pulses due to dark emission 

were still recorded. 	For small pulses, the same variation 

in frequency with pulse amplitude was obtained as for 

photo-electrons. 	A r7reater fraction of larger pulses 

was obtained for dark emission than was the case for photo- 

emission. 	This variation of the frequency distributions 

was explained by the fact that the photo--current consisted 

only of singly emitted electrons whilst the dark current 
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contained groups of electrons. 	The source of these 

electron groups has not been satisfactorily identified. 

A connection with positive ions formed from residual gas 

in the tube has been established by Catchpole, who suggests 

that high field emission is also involved. 	Catchpole's 

findings are at variance with those of Wilcock et a13q 

1.15 Pulse Efficiency of T.S.E.Li. Intensifiers 

The pulse efficiency of an image intensifier can be 

defined as the fraction of photo-electrons which produce 

an output light pulse at the phosphor. 	The pulse 

efficiency of typical 5 dynode T.S.15.. image intensifiers 

is 50 40. Low pulse efficiency seems to be a fault 

peculiar to T.S..Y. intensifiers 	the nulse efficiencies 

of cascade intensifiers can be as high as 85 41. It can 

be shown that the failure of a photo-electron to produce 

an output pulse in a multi-dynode tube is to a large extent 

due to its failure to produce any secondary electrons from 

the first dynode.39. 	It is unlikely that the failure of 

electrons to produce secondaries from succeeding dynodes 

leads to a complete loss of information, although an 

increase in the statistical fluctuation of the light gain 

will result. 	The non-detection of photo-electrons is 

equivalent to a reduction in the quantum sensitivity of the 



photo-cathode, and can lead to a reduction in the useful- 

ness of the tube. 	Low pulse efficiency could mean the 

difference between success and failure in the use of the 

photography of Cerenkov radiation as a means of single 

particle detection in nuclear physics.41 

1.16 Iman'e Intensification Usin Low Density Deposits of 

Potassium Chloride 

A modification of the dynode structure has been 

described by Goetze. ,42/1-3 	The vacuum deposited layer 

of potassium chloride was replaced by a low density deposit 

of potassium chloride which was formed by evaporation in 

an argon atmosphere. 	These dynodes gave electron rains 

in the region of 50 and could be prepared in such a manner 

as to ,Hive stable operation. 	The following explanation 

was advanced for the observed high gains. When the dynode 

was"bombarded by high velocity electrons, the emission of 

secondary electrons from the low density deposit caused the 

formation Of positive charge near the exit surface. 

Because of the very good insulating properties of the 

potassium chloride layer, the charge accumulated and a 

potential gradient was developed across the layer. 

Secondary electrons formed within the layer were accelerated, 

and owing to their greatly increased free path in the low 
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density deposit, were able to acquire sufficient energy 

to reduce the probability of their being recaptured. 

A greater fraction of the secondaries produced within the 

layer were able to escape and the dynodes exhibited large 

electron gains. 

The potential across the dynode, and the electron 

gain, were controlled by the potential of a mesh near the 

exit surface of the dynode. 	Typical potentials applied 

to the mesh were in the region of 100 to 300 volts, and 

high gains were obtained for primary voltages in the range 

4 to 10 Kv. 	The performance claimed for these dynodes 

was impressive, and it was decided that the investigation 

of intensifiers using these dynodes should be started at 

Imperial College. 	The following advantages were hoped 

to arise from the use of these dynodes: because only two 

dynodes would be needed to achieve electron multiplications 

of 2,000 to 3,000, tube construction would be simplified. 

The reduction in the number of dynodes would lead to a 

reduction in overall operating voltaes. 	The considerable 

increase in electron Fain of a single dynode raist lead to 
a reduction in the effect of the penetrating primaries. 

It was hoped also that improved multiplication statistics 

and pulse efficiencies might result. 
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Immediate disadvantages of tubes using low density 

dynodes might have included the following. A finite time 

would be required to charge the dynode; it was, however, 

reported that once they were charged, the dynodes retained 

their charge and responded quickly to incident primary 

electrons. 	Also the presence of a mesh might lead to a 

reduction in the resolution of the tube as a result of the 

low potential gradient between the dynode and the mesh; 

Goetze claimed that resolutions of 24 1p/mm had been 

achieved. 

1.17 Enhanced Secondary Emission 

Various reports have been made of experiments where 

special surface treatments have yielded secondary emission 
44,45: 

ratios in excess of those normally exhibited by insulators. 

These surfaces were usually prepared by the oxidation and 

sometimes cesiation of suitable metals, such as magnesium 

and barium, and the increased yield was believed to result 

from positive charges on the surfaces. 

Malter46 obtained yields of up to 1,000 from surfaces 

prepared by the cesiation and subsequent oxidation of anodic 

layers of A1203. 	He found that the yield from such a 

target varied with a power of the collector voltage and a 
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power of the primary current density. 	The high yields 

took time to build up, were unstable and once initiated 

by a primary current could continue for hours after the 

primary current ceased. 	Similar results were reported 

by Piore'
A7 
 from barium borate surfaces treated in the same 

way as Halter treated his A1203  surfaces. 	Koller and 

Johnson48 and Mah149  made a study of the instability of 

the Malter emission by dusting a phosphor on the emittinL 

surface, and by focussing the emitted electrons on to a 

phosphor. 	They showed that the emission was not uniform 

but came from various discrete emitting points. 	They also 

found that enhanced photo--emission from the same surface 

could be initiated by light from a tungsten filament in the 

same vacuum chamber. 	Nelson50 demonstrated that the 

high gain was associated with a positive charge on the 

surface of the emitter. 	He also showed that a minimum 

bombarding voltage existed for the enhanced emission to 

occur; 	at this voltage the normal secondary emission from 

the surface was very nearly unity. 	The insulating films 

were very thin, in the order of 2,000 Rs  and the high 

secondary emission ratios were attributed to field emission. 

Malters work contrasts strongly with that of Jacobs51 on 

freshly prepared magnesium oxide. 	Jacobs obtained electron 

gains in the region of 100, but found that the decay times 



were short, being of the order of 15 - 40p, sec. 	The 

yield varied exponentially with collector voltage and was 

independent of the incident current density and primary 

energy. 	He demonstrated the charge build up on the 

surface by pulse techniques. 	He likened the mechanism 

causing enhanced secondary emission to the Townsend 

avalanche occurring in a gas discharge, where electrons 

accelerated by an electric field are able to release 

secondary electrons which in their turn release yet more 

secondary electrons. 	He attributed the possibility of 

this mechanism to the porosity and poor conductivity of his 

layers, which were approximately 1µ m thick. 	Surfaces 

which were prepared so as to be more conducting would only 

exhibit electron gains in the region 4 -• 5. 

Yields of up to 80 had been obtained by Aranovitch52  

form surfaces prepared by evaporating magnesium through an 

atmosphere of dry oxygen. 	Some time delays were observed 

but the secondary emission responded fast enough to follow 

a 40 Kc/s modulation of the primary current. 	Yields of 

up to 109000 were obtained but these definitely exhibited 

Malter effect. 

Malter and Gunterschulz also found that increased 

secondary emission took place from surfaces coated with 

fine dusts of suitable insulators which included A1203, 



willemite, SiO2'  and Mg°. 	This effect was explained by 

the presence of positive charges which caused high field 

emission. 

Serebrov and Fridrikhov54  obtained enhanced secondary 

emission from vacuum deposited layers (5,000 	of NaCl. 

They controlled the surface potential of the layer by 

flooding the surface with low energy electrons (several 

hundred volts) and collecting the secondary electrons with 

an adjacent mesh: the surface potential followed the 

potential of the control mesh. 	On applying energetic 

electrons (several kilovolts) to the surface in short 

pulses, increases in electron yield by a factor of five 

were obtained 	these enhanced yields were shown to result 

from the potential gradient within the NaCl layer. 

All the results so far described have been on 

reflection secondary emission. 	The first results on 

enhanced transmission secondary emission were published 

by Butkevitch and Butslov55, who made observations on films 

of 1,1g0 deposited on 3,000 R layers of Al. 	The gains 

reported by these workers did not exceed 8, but the variation 

of the gain with the collector potential suested that 

field enhanced emission was taking place. 	Krasovsky56 

obtained gains of up to 36 on such emitters processed in 

cesium. 	Results showing a strong similarity to those 
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published by Goetzewere reported by Yasnopol'ski, 

Malysheva and Karelina57  who investigated the transmission 

secondary emission of deposits of magnesia, prepared by 

igniting magnesium in air, on 300 films of Aluminium 

supported on fine meshes. 	Yasnotol'ski et al. worked 

with two distinct forms of magnesia, the original porous 

deposit and a compressed form prepared by treatment in the 

vapour of volatile liquids. 	The compressed form showed 

a maximum gains of up to 12, which reached a saturation 

value for a collector voltage of only 30 volts. 	With 

some uncompressed samples, a monotonic increase in the 

secondary emission ratio was observed as the collector 

voltage was increased, and stable iains in the region of 

50 were obtained. 	'Men a critical collector voltage was 

increased, a spontaneous increase in the secondary emission 

current was observed and self maintaining emission set in. 

Under these conditions, the secondary emission ratio reached 

values approaching 104. 	It was concluded that the yield 

from the compressed layers was the normal unenhanced trans-

mission yield, and that the high yields observed in the 

uncompressed layers, were the result of current amplification 

under the influence of electric fields within the layers. 
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CHAPTER 2  

The Pre;aration and Some Properties  of the 

Low Density Potassium Chloride Doodes 

2.1 Preparation of Supporting Film 

The aluminium oxide aupport films were made by 

anodising household aluminium foil on one side only98. 

The electrolyte was acid ammonium tartrate (pH 5.5) and 

the voltage applied was chosen so that the resulting film 

was 500 R thick. 	After the foil was anodised, it was 

dissolved in acid, leaving a self-supportin membrane of 

aluminium oxide. 	Before it was anodised, the foil had 

been glued to Tufnol rings which supported the oxide 

films after the aluminium was dissolved. 	The oxide films 

were rinsed and allowed to dry. 

When the films were dry, they were mounted on soda 

glass rings on which two contacts had been produced by firing 

in platinum paint. A gap was left between these contacts 

so that the electrical conduction between them and the 

aluminium backing could be checked later. 	The rings were 

coated with 0.1 potassium silicate solution and gently 

applied to the film by means of a vertically operating rack 

and pinion mechanism. When the potassium silicate solution 
out 

had dried, the films were cut with a razor blade or a paint 
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brush slightly damped with potassium silicate solution. 

Some of the aluminium oxide was scraped away over the 

platinum paint to ensure electrical contact to the 

conducting layer which was subsequently deposited. 

The films were then baked to 420°C. 	Because of the 

differing thermal expansions of the soda glass rings and 

the oxide films, the films were stretched beyond their 

elastic limit. 	When they cooled the films became slack 

and wrinkled. 	This 'wrinkling' was originally carried out 

to avoid the breaking of dynodes usilvg bulk density KCl 

when the tubes were baked in the degassing schedule prior 

to 'seal off'. 	It was found34hat owing to a structural 

change which took place in the KC1 layer on heating, tensile 

stresses were set up which caused dynodes supported by taut 

Al203 films to break as they cooled. 	If an anular area 

at the edge of the dynode was shielded from KCl, and the 

dynodes were supported by wrinkled films, the stresses 

were absorbed by taking up the slack in the wrinkled films 

without causing the rupture of the dynode. 

It was later found that the dynodes using low density 

potassium chloride were far less strained and that no 

shadowing of the deposit was necessary to prevent breaking. 

There was however, always a substantial chance that a film 

would break on first being baked. 	It was a matter of chance 
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whether a particular film would survive the first bake, 

although uncoated films which had survived one bake very 

rarely broke on successive baking. 	Because wrinkled films 

were inherently less likely to break on baking, they were 

used to support the dynodes. 	The dynodes were, however, 

completely coated with potassium chloride. 

2.2 The Preparation of the Conducting Layer 

After the support films had been prepared, the 

conducting layer was formed by the vacuum deposition of 

aluminium. 	The evaporation was carried out in the demount- 

able system illustrated in figure 2.1. 	A metal frame 

supported a horizontal plated on which the films were laid. 

The films were fitted into recesses over holes in the plate 

which also carried a small glass monitor plate at its 

centre. 	The thickness of the deposit on the films was 

monitored by observing the optical transmission of the 

monitor plate which received a deposit of aluminium whose 

thickness was proportional to that deposited on the films. 

The optical transmission was measured by shining a beam of 

light through the monitor plate° the beam of light was 

focussed on to a photo-voltaic cell connected to a galvan- 

ometer. 	The thickness of the deposit on the films was 

200 k this was the minimum necessary to ensure a continuous 
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deposit after baking38  . 

2.3 The Pre  oration of the Low Density Potassium Chloride 

Duosit 

The chamber used for the evaporation of the aluminium 

coating was also used for the deposition of the low density 

potassium chloride. 	The potassium chloride was evaporated 

from an open molybdenum boat mounted 2 inches from the 

centre of the substrate assembly. 	The boat was heated 

directly by the passage of an electric current. 	Before 

it was loaded with potassium chloride, the boat was cleaned 

and degassed by heating it in vacuum. 	Finely ground 

Analar grade potassium chloride was placed in the boat, 

moistened with distilled water, and allowed to dry forming 

a compact crystalline mass. 	Because spitting often 

occurred on first heating a fresh charge of potassium 

chloride, the loaded boat was heated in vacuum to evaporation 

temperature before a film was placed in the chamber. 

Before it was admitted to the chamber, the argon was 

dried by passing it through a battery of drying towersE 

these contained silica gel and a mixture of silica gel and 

phosphorus pentoxide. 	The argon was finally passed through 

a cold finger immersed in liquid oxygen before being admitted 

to the chamber by means of a needle valve. 	In early 
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experiments the pressure in the chamber was adjusted by 

balancing the inflow of the argon and the effective 

pumping speed of the system. 	Later, however, the chamber 

was filled to the desired pressure and isolated. 	No change 

in the properties of the dynodes was found to result from 

this change in technique. 	The pressure, which was always 

2 torr during an evaporation was measured by means of an 

Edwards 'Vacustati. 	Before argon was finally admitted 

for the evaporation of the potassium chloride, the chamber 

was alternately exhausted and flushed with argon several 

times. 

The first evaporations gave very uneven deposits of 

KCl. 	The uneveness of the deposits and the presence of 

streaky deposits on the wall of the chamber showed that 

gas currents were playing an important part in the evapor- 

ation process. 	To reduce the effect of these currents 

and to obtain a more uniform deposits  the films were 

continuously rotated during the evaporation by means of a 

simple induction motor whose construction is illustrated 

in figure 2.4. 	The motor and hearings were within the 

chamber, and the field coils rested outside the chamber on 

the glass top plate. 	The stator consisted of four 

relay driving coils, screwed into a soft iron ring. 
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Opposing coils were connected in pairs, one pair being 

fed through a 4IF condenser, which introduced a 90°  phase 

lag. 	It is easy to show59  that this arrangement produced 

a 50 c/s rotatinf.!.. magnetic field. 

The rotor was a copper disc soldered to a brass tube. 

The rotating field induced eddy currents in the copper 

disc, the interaction of these with the rotatin field 

produced a torque which caused the rotor to rotate. 

The rotor ran on a ball race which was supported by three 

horizontal members. 	The latter rested on a frame-work 

and could be lifted quickly and placed, still supporting 

the substrate assembly, in a dessicator. 	A shield 

prevented the potassium chloride particles reaching: and 

jamming the motor bearings. 	The speed. of the motor 

was controlled by varying; the supply voltage by means 

of a variable transformer. 	Because later:woric.- 

showed the desirability of evaporating' several films at 

the same tine, a modified film holder was built in which 

four dynodes rested in recesses in a stainless steel plate. 

The dynodes were covered on their upper surfaces by shields 

to prevent KC1 particles settlirng on the wrong surface of the 
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dynode. 	The thickness of the dynodes was monitored by 

the optical transmission of a (lass monitor plate in the 

centre of the plate on which the dynodes rested. 	The 

rotating sustrate holder wart constructed to allow the 

monitoring beam to pass throuh its axis. 

The dynodes produced usin the rotary substrate 

holder were found to be satisfactorily uniform in thickness. 

2.4 Appearance of the Dynodes 

The freshly prepared dynodes retained the mirror-like 

appearance of the aluminium layer, except that the 

reflecting surface assumed a milky texture. 	In thicker 

dynodes this milky appearance was more dense, and the films 

assumed a white colour. When viewed at lare anles to 

the normal the potassium chloride deposit was seen to have 

a yellow tint which resulted from the scatterin7.  of light 

by the fine particles of which it was composed. 

2.5 Attacir blr Water Vapour 

When they were exposed to moist air, the dynodes 

assumed a more solid appearance, becomin matt reflectors, 

and sometimes showin considerable crazin. 	When the 

dynodes were examined under a nicroscope, a crystalline 

structure could be resolved only in dynodes which had been 
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exposed to moist air. 	Eicroscopic examination was 

hindered by the fact that it was essential to avoid 

noistenin the dynodes which appeared extreely susceptible 

to attack by water vapour. 	The susceptibility of the 

dynodes to attack by water vapour arose as a result of 

the hi!::h solubility of potassiun chloride in waters  and 

the small crystal size and consequent hir.Th surface energy 

of the low density deposit 	The condensation of water 

on the deposit provided an. opportunity for the structure 

to recrystallise and lower the surface energy by the 

formation of larer crystals. 

2.6 The Thicness of the Potassium Chloride Deposit 

Attempts to ;ea sure the thickness by a depth InicroscoPe 

were unsuccessful because it was: difficult to recoTnise 

surface features with certainty. 

seolanshy has described a technioue 1  whereby 

was deposited over the edge of a layer whose thickness 

to be measured 	by placin an optical  flat above the 

silvered step, interference Erin es were obtained from 

which the thickness of the layer could be deduced. 	Because 

the potassium chloride laver was very rou7h, it was not 

possible to evaporate a reflectilj..:.  metal layer directly on 

to it, and a Dodification of Tolansk rs technique was 
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developed. 	The low density deposit was evaporated on 

to an aluminised glass plate and a transparent film draped 

across the surface of the deposit. 	A collimated beam 	of 

green light from a filtered mercury lamp was directed 

downwards onto the film by means of a glass slip held at 

45°  to the bean, and the film was observed with a micro- 

scope. 	Interference fringes of constant thickness were 

obtained between the transparent film and the aluminised 

surface on which the potassium chloride was deposited. 

Counting the fringes over the region of varying thickness 

at the edge of the deposit enabled its thickness to be 

estimated. 	Because the semi-transparent layer of KC1 

was between the two reflecting surfaces, the method (2Elve 

the optical thickness of the deposit. 	However, the 

refractive index of such a low density deposit must have 

been very nearly unity, and the geometrical and optical 

thicknesses very nearly equal. 

At first, aluminium oxide was used for the draping 

films, howeverlit was not sufficiently pliable and tended 

to hang between high spots without actually touching much 

of the potassium chloride deposit. 	As an alternative, 

collodion films prepared by droppin, filmingsolution onto 

water were tried. 	Although these films were more pliable 

than the aluminium oxide films, good results were only 
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obtained when the collodion films were exposed to acetone 

vapour after they had been draped across the potassium 

chloride. 	The acetone vapour softened the collodion film 

which sago;ed and came into contact with the deposit. 

The photograph in fir. 2.8 shows some frines obtained 

after this treatment. 	The plateau where the collodion 

film touched the potassium chloride is clearly visible 

the treatment was not, however, completely successful in 

this case and it can be seen that the film was still 

suspended in places without touching the potassium chloride. 

Although the method was capable of yielding measure•-

rnents of high precision, it took a considerable time to 

perform and it was felt that there was danger of attack 

by water vapour. 	For this reason it was abandoned in 

favour of a quicker method of measurement. 	It is probable 

however, that the technioue just described might be of use 

for estimating the thickness of deposits too rough to 

allow the evaporation of a toyer of metal on their surface, 

but which are not attached by water vapour. 

The method finally adopted was to view a transverse 

section of a dynode in a microscope. 	The potassium 

chloride did not adhere strongly to the aluminium oxide - 

layeri 	and it was found that on breaking the dynode, the 

support membrane curled back on itself, leaving the potassium 



- 4 6- 

Fig.2.8 	I nterferometric Measurement of Film Thickness  



-47- 

chloride as free standing flakes which could be manouvered 

into position and viewed end on. 	The unbroken dynode 

was placed under a stereo microscope and punctured by means 

of a fine glass rod. When a flake was found to be in the 

right position, the dynode was transferred to a high 

magnification monocular microscope. 	Consistent measure-

ments of thickness were obtained, using a calibrated eye•--

piece. 

It was essential to work fast and keep the films in a 

dessicator as much as possible to avoid attack by water 

vapour. 

2.7 	timation of the Liass of the Potassium Chloride 

A conductrimetric technique was developed to enable 

the mass of the potassium chloride deposit to be determined. 

A conduction cell was designed so that it would enable 

measurements of a total mass of 25[1. of K01 to be made 

with reasonable accuracy. 	This minimum sensitivity was 

chosen so that the measurements could be made on solid KC1 

dynodes. 	It was known from Goetze's published figures 

that the low density dynodes would have a greater total 

mass, and that the accuracy obtained in measurements of 

bulk density dynodes would be exceeded. 

The cell was in the form of a glass U--tube. 
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Its volume was loc. and its dimensions were such that 

filling with a solution of 25µ gm. of potassium chloride 

per cc. gave a resistance of 1 meohm. 	Two electrodes 

were made by firing platinum paint into the toes of the 

tube. 	These extended over a region enclosing a volume 

of a fraction of a cc.with the result that liquid in this 

region did not contribute to the conductance of the cell. 

The fact that the resistance was not affected by slight 

variations in the filling of the cell, ensured that, 

provided the cell was filled to a minimum level, the 

measurement was essentially that of concentration. 	A 

slight spillage or failure to pick up all the sample would 

not introduce an error so long as the correct volume of 

liquid. had been used to make up the solution. 

The resistance of the cell was measured directly with 

an Avo-meter. 	In order to prevent polarization by the 

internal batteries of the Avo-meter, the connections between 

the cell and the Avo-meter were periodically reversed by 

means of the circuit shown in figure 2.10. This circuit 

consisted of a pair of high speed relays wired to cause 

reversal when the their driving coils were simultaneously 

energised. 	The relays were driven by a small power 

transistor which amplified the output of a multivibrator. 

The latter generated a square wave with a fundamental 
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frequency of about 15 c/s and unity mark•••space ratio. 

It was important to achieve unity mark•-•space ratio (the 

ratio of the time 'on' to the time 'off'), in order to 

avoid a net D.C. bias being applied to the cell. 	A switch 

Si was provided to allow the output from each relay to be 

displayed on a double beam oscilloscope, in order that the 

relay contacts might be adjusted. 

The unit proved simple and reliable in operation, and 

enabled steady readings to be obtained. 	Although no 

leakage resistance was introduced by the reversing unit, 

a small correction to the Avo-meter readings was necessary 

because there was a short period when the meter was not 

connected to the cell. 

The film was held horizontally over a small Petri 

dish and removed in one piece by running a glass rod round 

the inside of the glass ring on which the film was 

supported. A known volume of doubly distilled water was 

added and when the potassium chloride was dissolved 1cc. 

samples were removed and transferred to the cell with a 

pipette. 	The resistance was then measured. 	It was 

found that a ran •e of concentrations existed which gave 

maximum accuracy of measurement. 	Because an approximate 

value for the film mass was generally known before the 

measurement was made, it was often nossible to achieve 
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this concentration by chasing the amount of water used 

in making up the solution. 

The cell was calibrated using solutions of known 

concentration. 	Over the range of concentrations used, 

a linear relationship was found between concentration and 

cell, conductance. 

Because of the sensitivity of the technique to 

impurities, it was necessary to be scrupulously clean; 

all parts of the apparatus were frequently washed in 

distilled water. 	The absence of a zero error arisinc' from 

soluble deposits on the film present before the evaporation 

of the potassium chloride, was confirmed by carryin out 

an analysis on a film which had been aluminised but not 

coated with potassium chloride. 	No detectable error was 

found. 

One film was weighed on a semi-micro balance before 

beinE analysed. 	Direct weicJiin of the film rave a mass 

25. greater than that obtained by conductrimetric analysis. 

This difference exceeded the estimated error of measurement, 

but as semi-micro weiuhinc7 technicues are subject to errors 

caused by the absorbtion of water vapour, the discrepancy 

was not surprisilv in deposits of such high surface area. 

From measurements of weight and thickness, it was 

concluded that freshly evaporated films had average 
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densities of 3.2; + 0.5; bulk density. 	Deposits which 

had been exposed to damp air showed considerably higher 

densities, up to 10'/9 of the bulk value. 

2.8 Correlation of Eass De-posited and Optical Transmission 

As a result of the measurements described above, it 

was found that, although the optical transmission gave 

some guide to the thickness of the films, it was not 

sufficiently consistent to predict properties of dynodes 

intended for use in image intensifiers. 	The reason for 

this was not understood, but was probably due to poor 

control of the large number of factors influencing the 

evaporation. 

In later work four dynodes were prepared simultaneously; 

no difference in excess of 1Z of the masses of 

simultaneously evaporated deposits of potassium chloride 

was ever found. 
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CHAPTER 3 

The Testing of Dynodes in the Demountable Tube  

3.1 The Demountable Tube 

A demountable tube was used for the initial testing 

of the dynodes. 	Silver chloride seals, made by allowing 

molten silver chloride to solidify between the two glass 

surfaces to be joined, were used as it appeared that they 

would allow repeated sealing, and would withstand a 

temperature of up to 350°C. 

The source of primary electrons was an electron gun 

removed from an oscilloscope cathode ray tube (V.C.R. 97). 

This gun was a tetrode having a cathode, modulator, anode 

and focussing electrode. Deflection was achieved by 

potentials on two pairs of plates at the end of the gun. 

A gun having electrostatic focussing and deflection was 

used because the position and focus of the spot would, 

within very wide limits, be independent of the potential 

between the cathode and the dynode when all the electrodes 

were fed from a common resistance chain. 

The original 6xide coated cathode was replaced by a 

directly heated filament which consisted of a short length 

of 4 thou. diameter tungsten wire bent into a hairpin shape. 
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The gun was removed from its original lead glass base 

and remounted by stout nickel wires on a glass pinch. 

This pinch was of Kodial glass and was joined to the rest 

of the tube which was of Pyrex glass, through a graded 

seal. 	In order to gain access to the gun a silver chloride 

seal was inserted close to the pinch. 	This seal was made 

and remade infrequently. 

The bottom half of the tube, to which the pumping 

stems were sealed, contained the dynode and the associated 

electrodes. 	These were; — the dynode support, the control 

mesh and the collector. A guard ring was painted onto 

the tube wall between the mesh and the dynode support, to 

divert leakage currents. 	The dynode plate was coated with 

phosphor so that the gun could be focussed when the beam 

was deflected off the dynode. 

The circuit used to control the electron gun is 

shown in figure 3.2. 	The beam current was controlled 

by both the filament current and the modulator potential. 

The current to the filament, which was at the full H.T. 

voltage negative of earth, was supplied by accumulators 

and controlled by a series transistor. 	The potentials 

for the gun electrodes were derived from a resistor chain, 

using both plug boards and potentiometers to give sufficiently 
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wide and and accurate control. 

In order to spread the beam over a large but well 

defined area, the focussed spot was made to scan a rastor 

by impressing sawtooth voltages on opposing pairs of beam 

deflecting plates. 

Each sawtooth voltage was generated by a relaxation 

oscillator, figure 3.39 using positive feedback between 

the grids of a pentode. 	It was amplified by a double 

triode which generated two signals of equal arTlitude, but 

opposing phase, which were fed to opposing deflector plates. 

The circuit was duplicated for the other set of deflecting 

plates. 

3.2 The Measurement of the Electron Gain of the Dynodes 

The arrangement used to measure the gain of the 

dynodes is shown in figure 3.4. 	Moving coil galvanometers 

were used to measure the secondary and primary currents. 

The beam current, i.e. the primary current, was measured 

directly as the total current to earth from all the 

electrodes, whilst the secondary current was measured as 

the total current to the control mesh and collector. 

Errors in the measurement, caused by secondary electron 

emission from the support membrane, were avoided by the use 

of a painted wall electrode held at about ' 100 V 	negative 



50Ksz 4 - 7KR 

E F 91 12 AT 7 

100KS2 
-00514F 
	• 

•005riF 

I • 0 F 

1M9 

-I- 250v HT 

To X plates 
of gun 

2 M.rt 	
Fine Frequency Control p 

	

ANW-- 	

100Kst ,d1501(n 

4.c.)pF 
40 p F 	0-11.4F 

AmplitudeControl 

• 3•1r F 
68Kst 

33K St 

Fig. 3. 3 . Generator of Sawtooth Voltage for Scanning Electron Beam  
in Demount able 	Tube. 

J 

1K st 

Coarse Frequency 
Control 

	 T ;-.TT 05pF 

• 
• 

1Msz 
/ • 	 

L 



- 61- 

To H.T. via 
Resistor Chain 
Deriving 	Electrode 

Potentials. 

fr Electrode Returning 
Secondary Electrons 
to Dynode 

Guard Ring 

0-600v 

Dynode ~- X X x x XXX 

48v 

Mesh 

Collector 

Fig. 3.4.Simplified Circuit Diagram 	for the Measurement of Electron 

Gain in the Demountable Tube.  



with respect to the dynode. 	Without this precaution 

errors of up to 50;' (at the lowest H.T. voltage) were 

introduced. 

When the collector was maintained at about 50 volts 

or more positive with respect to the mesh, the current 

collected by the two electrodes was independent of the 

voltages between the two. 	Thus the two electrodes 

connected in this manner were equivalent to a single 

electrode having very low secondary emission. 	The effect 

of field penetration by the collector potential can be 

shown to be very small and the effective potential of this 

compound electrode was very nearly that of the mesh. 

3.3 Attack by Water Vapour and its Prevention 

The first dynodes tested in the demountable tube 

were found to have gains very much lower than those 

reported by Goetze, although the variation of Fain with 

primary and collector voltages was as reported. 	As the 

low density deposits of potassium chloride were known to 

be susceptible to attach by water vapour, and as water 

vapour was known to have an adverse effect cn the performance 

of dynodes using bulk density potassium chloride for the 

Appendix A.3. 
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secondary emitter38   , it appeared likely that the low gains 

obtained at first might have been a result of attack by 

water vapour. 	In the next four paragraphs, possible 

means by which water vapour might have reached the dynodes 

and the steps taken to eliminate this attack are discussed. 

1) The argon atmosphere in which the dynodes were 

prepared might have been damp. Drying towers and a cold 

finger were introduced into the argon admission line 

these have already been described in section 2.3. 

2) The dynodes might have been attacked by atmospheric 

water vapour between their removal from the chamber and 

their being placed in the dry-box in which they were 

inserted into tubes. When the evaporation had been 

completed the entire substrate assembly was placed in a 

dessicator containing phosphorus 

exposure to the atmosphere could 

transfer was effected as rapidly 

person making it wore arm-length 

through a mask. 	The dessicator  

Pentoxide. 	A brief 

not be avoided but the 

as possible, and the 

rubber gloves and breathed 

was then placed unopened 

in the dry-box. 	After the dry-box was closed, the 

dessicator was left unopened for 15 to 20 minutes, by which 

time,phosphorus pentoxide showed no sign of absorbing water 

on being freshly exposed inside the dry--box. 

3) Water vapour from the gas torch might have been 
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admitted on sealing a completed tube on to the pumping 

system. 	To prevent the admission of water vapour during 

seal--on,the tube was isolated from the section of the stem 

being worked by means of a valve. 	This consisted of 

a length of tube bent as in figure 3.5, with a steel ball 

which fitted in a ground seat. When the glass blowing 

was completed, the ball was lifted into a side•-arm by a 

magnet and the tube was pumped down as quickly as possible. 

4) Water vapour, and possibly some other contaminant 

might have been evolved from the heated surfaces as the 

silver chloride seal was made. 	During the forming of the 

silver chloride seal, dried nitrogen was passed through 

the tube in such a direction as to ensure that no gases 

from the seal could reach the dynode. An additional 

side-arm was attached to the tube to allow the nitrogen 

to escape. 	A dryinr,  tube was attached to this side•-arm 

which was sealed off close to the tube body immediately 

before sealing the tube to the pump. 

3.4 Results of Measurements with the Demountable Tube 

The adoption of these techniques led to many dynodes 

showing high gains; in general, the dynodes showed maximum 

stable gains between 30 and 60. 	The variation of electron 

gain with primary and collector potentials of a typical 
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dynode is shown in figures 3.6 and 3.7. 	A minimum 

primary energy was necessary for secondary emission to 

be observed. 	At low collector potentials, the gain 

reached a maximum value and then fell again as the primary 

energy was increased. 	As the collector potential was 

increased, the maximum gain appeared at higher primary 

energies, and became less well defined; sometimes a 

maximum was no longer observed. 

At low primary energies,the gain saturated as the 

collector potential was increased. 	At higher primary 

energies, this saturation gave way to a monotonic rise in 

gain with increasing collector potentials. 	Large 

collector potentials resulted in instabilities, the 

secondary current showing large and rapid fluctuations. 

3.5 	1?57.npie Thigimess and Primau Eh era . 

No consistent correlation was found between peak 

observed gains and evaporation conditions or thickness of 

deposit, but it was found that thicker dynodes needed higher 

primary voltages to achieve high gain. 

This was in accordance with the theory that for 

enhanced emission to occur, a sufficient proportion of 

the incident electrons must form secondaries near the exit 

surface of the deposit. 



60 

50 

40 

*E5 
0  30 

10 

0 

-67- 

4 
	

5 
	

6 
	

7 	8 
	

9 
Primary Energy (Kev--› ) 

Fig. 3.6. Electron 	Gain of a Typical 	Dynode as  

a Function of Primary Energy for Various 

Constant Collector Potentials 



-68- 

Vc 

/ 	9 Kv / / 
/ 

/ 

/Unstable 
Readings 

8 Kv 

..-• 
X"'".  

60 

50 

40 

x 7 Kv 

T 

c 
2 
T.5 c9 
ili 20 

x--------4  6 Kv 

x ___.------
x 	

x 
------ x 

 

x 	5 Kv 

  

10 

ol: 	50 
I 

100 
I 

150 
I 

200 
1 

250 
1  

Collector Fbtential --> 

Fig. 3. 7. Electron Gain of a Typical Dynode as a  
Function of Collector Potential for Various Constant 	Primary Energies  



-69- 

According to Feldman62, electrons with initial 

energies between 1Kv and 10Kv have a range in a solid 

of R Angstrom units given by the general eauation 

R = b7=.11 
	

(3.1) 

where E is the initial energy in Kilovolts, and b and n 

are constants given by 

1.2 	9 

1 - 0.29 log10Z  

b = 250A 

P Zni2  

Z is the total atomic number of the compound, 

A is its atomic weight, 

and p is its density in gms./cc. 

Figure 3.8 shows the electron range in 3.2A bulk density. 

potassium chloride plotted against primary energy; the 

range is given in microns and was calculated from Feldman's 

equation. 

Differentiating equation (3.1) gives 

= 	 (3.2) 

where AT:, is the energy loss of an electron traversing a 

thin layer of thickness AR. 	Equation (3.2) was used to 

estimate the reduction in energy of the primary electrons 

as they passed through the aluminium support layer and the 



26 E 

2L 1- 

22 7 

2G 
A 

1.0 

.g 

.8 

.7 

• 6 

• 5 

.4 

.3 

Primary Energy KeV 

4 	5 

0, 

4 

2 

.2 

•1 

Fig.3B.Electron Range in 3-21. Bulk Density Potassium Chloride and the Energy Losses in the 
28 r Aluminium and Aluminium Oxide Layers ( After Feldman) 



-71- 

aluminium conducting layer. 	The reduced primary energy 

was substituted into equation (3.1) to calculate the 

theoretical curve in figure 3.9, showing the range in 

potassium chloride as a function of primary energy. 

Figure 3.9 also shows two experimentally determined 

energies as a function of the mass per unit area of several 

dynodes. 	These energies were related to the energy needed 

for an electron to penetrate the dynode 	their determination 

is illustrated in figure 3.10. 	The lower energy, V nmin 

was the lowest primary energy which gave rise to a 

detectable secondary current. 	The higher energy 1)I pmin 

was derived from the curve of gain aainst primary energy 

it was the intercept with the primary energy axis of the 

dG tangent to the curve at maximum d77- 
9 

3.6 Corgarison of rnhanced Secondary -,mission and electron 

Bombardment Induced Conductivity 

The characteristic shown in figure 3.6, shows a 

notable similarity to some curves published by Ansbacher 

and ITqlrenberg who measured the bombardment induced 

conductivity (B.I.C.) of a vacuum deposited layer of As2S3  

bombarded with electrons in the energy range 10 to 40 Key.63 

Two curves from their paper are reproduced in figure 3.11. 
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Primary Energy 

Fig .3.10. Showing the Determina tion of Vp min and VII) min  
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These show the ratio of electron bombardment induced 

current to primary current (B.I.C. gain) as a function of 

the bombarding energy at various potentials across the 

As2S3 layer. 
	The similarity in the form of these curves 

and the curve in figure 3.6, is felt to be a consequence 

of similarities in the processes of electron bombardment 

induced conductivity and enhanced transmission secondary 

electron emission. 	In both processes charge carriers 

are released by the primary electrons throughout the 

thickness of the material and accelerated by an electric 

field across the layer. 	In the case of B.I.C.the charge 

carriers contribute to a conduction mechanism whilst in 

the case of enhanced T.S..H. a number of the charge 

carriers are extracted from the deposit and appear as 

secondary electrons. 	The ways in which both -orocesses 

depend on the primary electron energies are likely to have 

much in common. 

In figure 3.12, which was derived from figures 

published by Ansbacher and Ehrenberg, the B.I.C. gain is 

seen to vary exponentially with the field across the layer. 

The electron gain of the dynode rose much less rapidly with 

the collector voltage. 	It was later shown
* 

that the 

section 5.3 



-.77- 

surface potential of the dynode was considerably less than 

the potential of the collector; when the gain of the 

dynode was plotted against the surface potential, a more 

nearly exponential relationship was observed. 

No explanation has been found for the fact that a 

peak in the B.I.C. gain was seen at a primary energy which 

was independent of the potential across the film, whilst 

the peak in the electron gain of the dynode was seen to 

occur at a primary energy which increased with the collector 

potential. 

3.7 Luminescence of Films 

It was noticed that the potassium chloride deposit 

gave a blue glow on being bombarded. 	This was assumed to 

be connected with the excitation of electrons and their 

subsequent fall to lower energy states. 	Its efficiency 

as a light conversion process was not measured but 

comparison with the output from the phosphor around the 

dynode showed it to be very low. 

It was also noticed, that heavy bombardment caused a 

permanent brown coloration of the potassium chloride. 	This 

was believed to be associated with the formation of colour 

centres64. 
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3.8 Production of Dynodes for Ima,cl.e Intensifiers 

For the following reasons, when dynodes were prepared 

for incorporation in image intensifiers, four were prepared 

simultaneously. 	The four dynodes were always found to 

have the same weight of KCl deposited on them, and it was 

assumed that by testing one in the demountable tube it 

would be possible to predict the properties of the remaining 

three. 	The presence of the aluminium layer enabled 

mechanical faults in the dynode to be spotted easily and 

the best dynode to be used in the intensifier. 	The use 

of four dynodes provided an insurance against breakage 

during assembly. 

Many conditions were believed to affect the detailed 

structure of the low density deposit. 	Goetze had published 

the evaporation distance and gas pressure as 2 inches and 

2 torr. respectively42. 	The effect of the speed of 

rotation and the rate of evaporation of the dynodes were 

not understood it was found that with the substrate 

holder rotating once per second and a total evaporation 

time of five minutes, dynodes giving high gain could be 

prepared. 	The rate of evaporation was estimated by the 

rate of decrease of the optical transmission of the monitor 

plate around which the dynodes rotated; it was controlled 
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by the current through the boat. 	The evaporation was 

terminated when the transmission of the monitor plate 

fell to 	The monitor plate received a thicker deposit 

of potassium chloride than the dynodes. 	Because of the 

poor correlation of the mass deposited and the optical 

transmission, it was necessary to test one of the dynodes 

in the demountable tube. 	The boat was offset from the 

axis of the substrate assembly to allow the passage of the 

monitoring beam and consequently the distance of the dynodes 

from the boat varied as the substrate holder rotated. 

3.9 The Baking, of Dynodes .44- 	 Al- 

It was observed that baking the dynodes in the 

demountable tube caused a fall in gain. 	The extent of 

this fall depended on the temperature at which the baking 

was carried out, and it was found that if reasonably high 

gains were to be maintained, the baking temperature must 

not exceed 200°C. 

ltberson had shown that adequate lifetime of sealed 

off tubes was not obtained unless a bake-out temperature 

of at least 300°C was used before sealing off the tubes38. 

Tubes otherwise treated showed a tendency for the photo-

cathodes to deteriorate as gas was evolved from the tube 

walls. 
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It appeared from work by Todd65, that although the 

bake-out at 300°C was necessary to drive off the gas from 

the walls of the tube, the walls would re-absorb gas 

comparatively slowly if the inside of the tube was 

subsequently exposed to dry air for a short time. 	Further- 

more, it appeared that, especially if water vapour was 

excluded, the newly absorbed layer of gas could be driven 

off by baking at a lower temperature than was necessary 

to degas previously unbaked glass. 

The following procedure was tried and found to be 

successful. 	The tube was baked in vacuo to 350oC, and 

sealed off containing the metal parts which had been vacuum 

stoved before assembly. A gas admission valve (figure 

3.13) was sealed to the side-arm which later served to pass 

out nitrogen during; the silver chloride sealing. 	This 

valve consisted of a thin glass tube which could be broken 

by a steel ball, thereby connecting the tube body to a 

source of very dry nitrogen. 	Once the tube was at 

atmospheric pressure, the silver chloride seal was broken 

and the tube placed in the dry box where the dynode was 

inserted. 	Dried nitrogen was passed through the tube as 

the silver .  .chloride seal was remade after assembly. 	The 

tube was sealed onto the pump and baked at the reduced 

temperature of 200°C. 
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After the completion of these experiments the 

demountable tube was used in connection with work on 

bulk density KC1 dynodes, and these also showed a loss 

of gain on baking. 	This lead to the conclusion that the 

gun was poisoning the dynodes on baking. When the gain 

was measured in a much simpler gun tube before and after 

baking it was found that the dynodes did not show a loss 

in gain during baking provided that the pressure was not 

allowed to rise whilst the dynodes were hot. 	On one 

occasion, when a small leak developed in the tube while 

it was at a high temperature, a drop in gain did occur. 

As a result of this work, it was shown that earlier 

conclusions on the baking of dynodes were invalid. 

It was noted that dynodes using vacuum deposited KCl 

as the secondary emitter, frequently became transparent 

on being baked, and it appeared that the aluminium layer 

must have undergone some change. 	Dynodes using low 

density K01, on the other hand, were never observed to 

become transparent. 	The reasons for this difference in 

behaviour were not established, but could have been the 

less intimate contact between the potassium chloride and 

the aluminium, the lower bakin^ temperature, or the care 

taken to exclude water vapour, in the case of the low 

density dynodes. 
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CHAPTER 

Image Intensifiers Usinp:. Low Densi.ty_Potassiuill 

Chloride Dynodes 

4.1 The Construction of the Image Intensifiers 

Most of the sealed off image intensifiers using low 

density potassium chloride dynodes were as illustrated in 

figure 4.1. 

The photocathode was of cesium antimonide66   ; in most 

tubes it was formed on a glass plate which fitted loosely 

to a metal shelf. 	The cathode was processed .in a 

compartment at the end of the tube; it faced away from the 

dynode and after it had been processed and the tube had been 

sealed off, a simple mechanism67 allowed it to be turned 

to face the dynode. 	A seal, consisting of a thin stainless 

steel skirt pressed against an accurately cylindrical 

section of the tube wall, was spot-welded to the shelf 

supporting the cathode; this seal prevented cesium released 

during the cathode formation from travelling from the 

compartment in which it was released to the rest of the 

tube. 	In some tubes the photocathode was formed on the 

end window of the tube, and the stainless steel skirt was 

welded on to the plate supporting the dynode. 

The dynode and the control mesh were each mounted on 
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stainless steel plates which were supported by tungsten pins 

The further end window of the tube bore a phosphor 

screen which was formed by allowing a suspension of silver 

activated zinc sulphide to settle
68. 	An aluminium 

backing was laid behind the screen to provide electrical 

conduction and to increase the effective efficiency of the 

screen by reflecting forwards light which would have 

otherwise passed back into the tube; it also cut down 

optical feedback between the phosphor and the photocathode. 

The tube was focussed by parallel electrostatic and 

magnetic fields*. 	The magnetic field was produced by a 

solenoid in which the completed tube was placed. 	The 

electrostatic field was produced by potentials on the metal 

electrodes, the cathode, the phosphor screen, and on internal 

circumferential wall electrodes. 	The latter were produced 

by firing bright platinum paint into the tube walls at the 

annealing temperature of the glass body. 	Contact to the 

internal electrodes was established by thin platinum tapes69 

sealed through the tube walls. 	The effects of the thermal 

mismatch between pyrex glass and platinum were avoided by 

the thinness of the metal tapes. 	:!;xternal circumferential 

contact; were formed by firing silver paste into the 

glass walls. 

Appendix 1. 
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To gain access to the inside of the tubeD  the glass 

body was made in two halves which were joined by a silver 

chloride seal. 

4.2 Cathode Processing. 

The cathode was formed after the bake-out schedule 

had been completed. 	Antimony was first evaporated onto 

the cathode bearing surface to a thickness monitored by 

its optical transmission. 	Typical values used were around 

83;:,  full transmission for white light incident at an angle 

of 450. 	The antimony was evaporated from a small movable 

evaporator which was slid in through a pumping stem by 

means of external magnets. 	The evaporator consisted of a 

shielded tungsten filament which bore a small slug of 

antimony and was heated by an R.F. current induced in a 

coil of nickel wire at its far end. 

Cesium was admitted through a small side--•arms  where 

it was prepared by a reduction process or released from a 

small ampoule. 	The cathode formation was monitored by 

observing the photo-current, using a wall electrode as an 

anode. 	Afchopped light signal was used and the photo•-- 

current was amplified by a simple A.C. amplifier. 

Section 3.9. 
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Fig.4.2 	Antimony Evaporator and Internal Parts of an Image Intensifier 
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The tube was heated to about 150°C, when the cesium 

began to combine with the antimony layer. When the 

sensitivity began to rise, the oven temperature was 

decreased and the inflow of cesium was increased by heating 

the side-arm with a small resistance element, until a fall 

in the photo-current indicated that over-cesiation had 

occurred. 	The tube was allowed to cool slowly, and the 

sensitivity was seen to rise as the excess cesium was 

driven off. 	More cesium was admitted until over-cesiation 

was again observed. 	This process was repeated until the 

tube had cooled to a temperature of about 90°C. 	The 

tube was again over-cesiated, the oven was lifted and the 

side--arm sealed off. 	The tube was then reheated until 

the previous highest sensitivity was again observed, after 

which it was cooled rapidly. When the tube was completely 

cool it was sealed off under vacuum. 

4.3 Tube  Mounting 

After a tube was sealed off the pump, it was placed 

in a cradle for testing. 	In early tubes the connecting 

wires were soldered directly to the external silver paste 

electrodes, using silver loaded solder. 	Later tubes were 

mounted in the quick release cradle shown in figure 4.5; 

this cradle bore a series of adjustable spring contacts 
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which bore against the external tube contacts. 	The 

cradle also bore a resistor chain which derived the 

potentials applied to each electrode. 

The tube and its cradle were then pushed into a 4 inch 

diameter polythene tube which fitted inside the focussing 

solenoid. 	The tube was cooled by water flowing through 

a narrow plastic tube embedded in a spiral groove around 

the outside of the polythene tube. 

4.4 The Projectors  

Two light sources and optical systems were used to 

project an image onto the photocathode. 	The optical 

systeri most useful for measuring resolutions,was that 

developed by W. A. Baum70. 	It was especially useful in 

that it included an optical arrangement which made it 

possible to focus the optical image onto the cathode 

without having to rely on the quality of the electron 

optical focus of the tube. 	This projector was generally 

used with the test pattern developed by T. A. Baum, which 

included a calibrated resolution pattern. 	Because of the 

distance between the end wall of the tube and the photocathode, 

it was necessary to replace the original objective lens by 

one of greater focal length. 	A correction to the calibra-

tion of the test pattern was needed because of the increased 
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Fig.4.5 Image Intensifier,Mounted send Ready for Testing  

Fig.4.4 Image Intensifier with Low Density Potassium 

Chloride Dynode  
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diameter of the projected pattern. 

For work involving current measurements, it was 

generally more convenient to use another projector and 

optical system. 	This projector consisted of a small light 

bulb behind a diffusing screen the pattern to be projected 

was placed in front of the screen and focussed onto the 

photocathode by a lens whose position could be adjusted 

by an operator watching the phosphor of the image intensifier. 

To avoid the effects of mains voltage fluctuations on the 

intensity of the image, the lamp current was drawn from 

accumulators, and controlled by the transistor circuit in 

figure 4.6. 	Instabilities caused by variation of the 

filament temperature when the lamp was switched on and off, 

were avoided by running the lamp continuously, and using 

an electromechanical shutter to intercept the light. 

4.5 Current Measurements 

All the current measurements were made by measuring 

the voltage drop across a suitable load resistor with a 

vibrating reed electrometer. 	The load resistor was usually 

108 or 1010 ohms and the currents measured were between 

10-12 and 10 8  amps. 	When the electrometer was used to 

make measurements of the currents to the dynode or the mesh, 

it was necessary to use two H.T. power supplies, one for 

the photocathode supply, and one for the 
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Projector 
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Fig.4.6. Current Supply ro Low Voltage Projector. 
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the phosphor supply; because the electrometer could only 

be used at potentials near to ground and the power supplies 

were earthed at one terminal. 	The use of two power 

supplies greatly simplified the focussing procedure. 

4.6 Electron Gain of the Dynode 

The electron gain of the dynode was usually obtained 

by measurements on the dynode current alone. 	The primary 

current was determined by measuring the current to the 

dynode as a function of primary voltage when the control 

mesh was at the same potential as the dynode. 	The curve 

in figure 4.7 was obtained. 	An initial rise in the 

current collected by the dynode was the result of non- 

saturation of the cathode current. 	The flat portion of 

the curve gave the primary current, and the fall in current 

to the dynode as the primary voltage was further increased, 

was the result of penetration of the dynode. 	If i was 

the primary current,and id  was the electron current taken 

by the dynode, the gain G was given by 

i + i 

P 

The gain showed the same variation with primary voltage 

and mesh voltage as was found from measurements on dynodes 

in the demountable tube. 	In general, however, high gains 



Primary Current 

Increasing Current Jue to 
Poor Cathode 
Saturation. 	 Penetration 

of Dynode 

Primary Energy  

- 9 5- 

Fig.4,7, The Measurement of Primary Current , showing External  

Electron Current  to Dynode as a Function of Primary Energy,  

with Zero Control Mesh Potential. 



-96-- 

occurred at lower values of the control mesh potential. 

Considerably lower current densities (the maximum 

secondary current was in the order of 10-8  A/cm2) were 

used for measurements in the sealed off tubes than had 

been used for measurements in the demountable tube, and 

the secondary current was found to depend on the time for 

which the primary current was incident". 	In general, 

apart from some comparatively short lived oscillations 

when the primary current was changed, the secondary current 

increased slowly towards an equilibrium value. 	The time 

taken for readings to stabilize set a lower practical limit 

on the current densities used for taking readings, and 

few readings were taken with primary current densities 

below 10 -12 A/cm2.  

4.7 The Penetrating Prima= Current 

The penetrating fraction was measured directly using 

a tube with two meshes . 	The first mesh served as a 

control mesh in the normal manner whilst the second mesh 

was held at such a potential that only fast electrons could 

pass it. 	These electrons were collected by the phosphor 

Chapter 5 

Section 1.13. 
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which was held'2.5Kv positive with respect to the dynode. 

This potential effectively suppressed secondary emission 

from the phosphor and prevented an under-estimation of 

the current to the phosphor. A strong magnetic field of 

approximately 300 gauss, was applied to prevent electrons 

reaching the tube walls, and the primary current was 

confined to a small area in the centre of the dynode. 

A graph of phosphor current against retarding potential 

for constant primary voltage is shown in figure 4.8. 	No 

detectable change was seen when the retarding potential 

was changed from 10 volts to 100 volts, and it was concluded 

that most of the penetrating primaries had forward 

velocities corresponding to energies in excess of 100 volts. 

The retarding potential was fixed at 100 volts for the 

measurements of the penetrating fraction as a function of 

the primary energy, shown in figure 4.9. 

The dynode on which these measurements were made 

could yield an electron gain of fifty when the primary 

electrons had an energy of about G.4Kev. 	It can be seen 

from figure 4.9 that at this primary energy about one 

electron in three gave rise to a fast secondary electron. 

Consequently, one secondary electron in 150 was 'fast' 

as compared with about one in ten for those emitted from 

a bulk density dynode. 	It would have been expected that 
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the contrast degradation would have been correspondingly 

reduced; although no quantitative measurements were made, 

visual inspection indicated that this improvement had not 

been achieved. 

4.8 Image Quality 

Apart from the high value obtained for the electron 

gain, tubes using low density dynodes did not show promise. 

The image had a grainy appearance, and bright scintillations 

superposed on the image indicated local breakdown. 	The 

resolution was poor when high gains were obtained. 

Sustained emission was observed, and.the electron gain 

fluctuated whenever the intensity of the incident image 

was changed. 

4.9 Imarre Graininess and Localized emission 

When the control mesh and cathode voltages were low 

and the dynode was giving only a low electron gain, the 

image was free from localised emission. 	When both the 

control mesh and cathode voltages were increased to values 

sufficient to cause high electron gain, the image became 

grainy. 	The graininess of the image depended on the 

length of time for which the image had been displayed. At 

first, the image was relatively free from grain but it 
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gradually became more grainy; at the same time the 

secondary emission was seen to increase. 	The secondary 

emission reached a maximum value and at the same time, 

the graininess became very marked. 	The secondary emission 

then dropped and the graininess reduced considerably. 

The rate at which these changes took place depended on the 

current density and it was later seen that the increase in 

secondary emission and in graininess wa.. associated with 

a maximum in the dynode surface potential. 

When the mesh voltage was increased further, bright 

scintillations were observed to dance about the image in 

a random manner; their numbers increased with current 

density and with further increase in control mesh voltage. 

They were seen to persist for a time after the incident 

image was removed. 

Different tubes varied in the extent to which 

scintillations occurred; there appeared to be some 

correlation between the occurrence of localised breakdown 

and dypode thickness. 	Tubes with thinner dynodes suffered 

more from localised emission. 	One tube, with a dynode 

only 3.5µ thick showed scintillations at very low mesh 

voltages; when the control mesh voltage exceeded 200 volts 

the scintillations increased with time and finally led to 

breakdown which could only be terminated by reducing the 
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control mesh voltage. 	On the other hand, another tube 

with a dynode 1311 thick could be operated with a control 

mesh voltage of 1,000 volts, although scintillations 

were observed at much lower control mesh voltages. 

4.10 Sustained :;mission and Maize Revival 

Sustained emission in the form of an 'after image' 

was always observed when the dynode was operated at high 

electron gain. 	This after image died slowly away and 

eventually disappeared. 	The initial intensity of the 

after image increased with the intensity of the incident 

image, it also increased with primary voltage, control 

mesh voltage and to a small extent with time of exposure 

of the image. 	A notable feature was that although intense 

images produced intense after-images, the after--images 

died more rapidly than those produced by weaker images. 

The result was that whilst the after-image initially had 

the same intensity distribution as the input image, the 

intensity distribution in the after-image changed with time. 

If an image had previously consisted of a very bright 

pattern against a faint background, the after-image nay 

well have appeared afrer some time with the previously bright 

area dark against the after-r:low from the background. 

If the cathode was flooded with light after an image 
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had previously been projected, the image which was no 

longer being projected again became visible. 	Frequently 

the 'revived' image appeared bright against the flooding 

illumination, indicating that the gain of the dynode had 

been locally raised as a result of the secondary emission 

process when the initial image was projected. 	If the 

incident image had been very intense and sustained, however, 

the 'revived' image appeared darker than the flooding 

illumination. 

It' was found that an image could be 'revived' by 

flooding the cathode with primary electrons a considerable 

time after the original primary current had been interupted. 

On one occasion, an image was revived nine days after the 

tube had last been used. 	This particular observation led 

to the investigation of these dynodes as target: in 

charge storage television camera tubes. 

An explanation of the dependence of the sustained 

emission and the revived image on the current density and 

the time of exposure, is given in section 8.6. 

4.11 Resolution 

In general the resolution of tubes with low density 

dynodes was poor. 	The best resolution obtainable from a 

tube depended largely on the dynode thickness higher 
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resolutions were observed in tubes with thinner dynodes. 

For two tubes with dynodes about 13µ thick, the best 

resolution never exceeded 6-8 1p/Mm. 	On the other hand, 

resolutions above 20 1p/mm. were observed in tubes with 

thinner dynodes. 	In the tube with a dynodes  only 3.5p 

thick, a resolution of 12 1p/mm. was observed when the 

control mesh voltage was only 20 volts 	at this control 

mesh voltage most tubes gave only a diffuse glow in which 

few image features could be reco‘mised. 	The tube used 

in the retarding potential measurements had a dynode 6µ 

thick and rave the resolutions illustrated in figure 4.10. 

The resolutions obtained depended on the primary voltage 

as well as on the focussing conditions between the dynode 

and the phosphor. 	The highest resolutions were obtained 

when the primary voltage was too low to give useful 

electron gain. 	Increasing the control mesh voltage was 

seen to increase the resolution unfortunately, the effects 

of localised emission became increasingly apparent as the 

control mesh voltage was.  increased. 

Two explanations can be advanced for the fact that 

the resolution deteriorated as the primary electron energy 

was increased. 	The first is that the dynode surface 

potential rose with the increasing primary voltage, and 

decreased the field between the dynode and the control mesh; 



22 —105- 

20 

-325(248) 3-77(268) 

  

   

295(237) 

3.55(176)  
39 (183) 1,5-2(315) 	45(199) 

03.0(308) 

3.3 242)  3.4(16 8)  7.7(266)x 

29(160) 
34(252) 
41(187) 

.4.95 (302) 
6-G (250) 

.Z6 
33(263) 
93) 

29(226) x5.7(226) 6-6(250) 
IF 

x7.6(266) 

3.3 (350) 

w70(320) x68(250) 

l'hosF •hoi to Dync .le Potential 10Kv 

Cathode to Dyrio 12 Potential as inclicateel 

Majnetic Field in Cycluss giver in brackets. 

1 1 I 1 
100 200 300 400 

Vg •—• 

Fig4.10.Resolution as a function of Control Mesh Potential 

18 

16 

14 

12 

^10 

g 8 

0 
tn 

6 

Ex
tr

em
e  

d
is

to
rt

io
n
  b

y  
m

e
sh

  

4 

2 

0 



-106- 

it has been shown by measurements using retarding potentials? 

that the dynode surface potential did rise slightly with 

increasing primary voltage. 	However, the cathode potential 

had a considerable effect on the resolution even when the 

control mesh potential was 400 volts; the surface potential 

of the dynode was known not to approach this value, and it 

was evident that the reduction of the field between the 

dynode surface and the control mesh was not a complete 

explanation of the loss in resolution. 	A second and more 

plausible explanation is that the energy distribution of 

the secondaries covered a wider spectrum as the primary 

voltage was increased or that the surface potential of the 

dynode became very uneven. 

4.12 The Effect of the Control Mesh 

For reasons of economy, the majority of the tubes 

employed a coarse woven tungsten mesh, having a spacing 

of two meshes to the millimetre. 

The distortion in figures 4.11a and 4611f resulted from the 

different electrostatic fields on either side of the mesh. 

Each opening acted as an aperture lens and, under some 

conditions, could cause independent rotation of that part 

of the image passing through the opening. 

Section 5.3 
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Besides introducing distortions in the image, the 

mesh itself frequently appeared in the image produced by 

the tube. 	Its appearance and state of focus could vary 

considerably according to the potentials between the dynode, 

mcch and phosphor, and the marmetie field. 	In 

the following paragraph the appearance of the mesh is 

described as the magnetic field was increased and the 

various potentials were held constant. 

An unfocussed illumination of the tube photocathode 

produced a uniform glow on the phosphor against which 

the mesh appeared. 	At first the mesh appeared as a 

diffuse shadow which could be brought to a focus as the 

magnetic field was increased. 	Increasing the magnetic 

field further caused the mesh to disappear against the 

background and then to reappear, still well focussed, but 

brighter than the background. 	The bright image of the 

mesh then defocussed and disappeared as the magnetic field 

was increased still more. 	This train of events could be 

repeated at integral multiples of the magnetic field strength. 

Several photographs of the phosphor of one intensifier 

are shown in fig.4.11  , which illustrate different 

appearances of the image; in each photograph combinations 

of electrostatic and magnetic fields were chosen which gave 

an optimum focus. 	Some of the photographs show that some 



spurious emission was occurring; the fact that the 

photograph with the highest resolution is also that with 

most spurious emission is a consequence of the increase 

of both resolution and breakdown with control mesh 

potential. 	The dynode in this particular tube was not a 

good one, in that a small area was at a substantially 

different surface potential to the rest of the dynode. 

This fault resulted in the localised distortion between 

the centre and the bottom of the Baum pattern. Much 

of the spurious emission appeared to originate in this area. 

The presence of the mesh in the tube would not 

necessarily have been a serious disadvantage 

as focussing conditions could usually be found where its 

effect was not important. 	Had the low density dynodes 

proved more promising, the cost of finer meshes might have 

been justified. 	With the coarse meshes used, resolutions 

of over 20 ipbrim. were observed when the properties of 

the dynode were not limiting the resolution. 
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CHAPTER 5 

The Surface  Potential and SecondarLElectron 

Energy Spectrum 

5.1 Two Mesh Tube 

It is easy to show that, in a single stage tube 

focussed by parallel electrostatic and magnetic fields, 

the obtainable resolution is inversely proportional to 

the mean energy with which the electrons are emitted38., 71 

The spread in forward velocity of secondary electrons 

emitted from a bulk potassium chloride density dynode has 

been measured by Todkill who used a single dynode image 

intensifier with two meshes between the dynode and the 

phosphor screen72. 	The first mesh was held positive with 

respect to the dynode from which it ensured full emission. 

The second mesh acted as a potential barrier for the 

secondary electrons. 	The variation of the phosphor current 

with the retarding potential on the second mesh gave the 

forward velocity of the secondary electrons. 	Successful 

measurements, using the phosphor as both the retarding 

electrode and the collector could not be made because of 

secondary emission from the phosphor. 

In order to measure the surface potential of the low 

density dynodes and the energy of emission of the secondary 
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electrons, a tube with two meshes was built. 	Apart 

from the additional mesh which was placed between the 

phosphor and the control mesh, the tube was identical to 

the established design, having a control mesh one centimetre 

from the dynode. 

5.2 Static  Current Measurements in the Two Mesh Tube 

In the following chapter, let 

V be the control mesh potential, 

Vg2 be the second mesh Potential 

Vc be the cathode potential 

Vph be the phosphor screen potential, 

and 
	

Vs be the surface potential of the dynode, 

all the potentials being measured with respect to the 

conducting backing of the dynode. 

Figure 5.2 shows the variation of phosphor current 

with phosphor screen potential when V
g 
and V were held g2 

constant and at such potentials to maintain enhanced 

secondary emission from the dynode. 	It is evident from 

figure 5.2 that secondary emission from the phosphor screen 

was taking place, and it was thus confirmed that a success-

ful.measurement of surface potential and electron energy 

could be made only if the phosphor screen was unable to emit 

secondary electrons. 
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The following method of measurement was adopted. 

The first mesh was held at the potentials necessary to 

obtain high gains from the dynode and the second mesh 

potential was varied. 	The second mesh acted as a 

potential barrier and allowed only electrons with sufficient 

energy to pass onto the phosphor where they were collected. 

The high positive potential atwhich the phosphor was 

held relative to the dynode, prevented errors arising from 

secondary emission from the phosphor. 

The variation of phosphor current with second nesh 

potential is shown in fiure 5.3 for different control mesh 

potentials and a constant primary energy. 	The curves 

show an initial rise in phosphor current, followed by a 

region where the current is almost independent of the 

second mesh potential. 

A rise in phosphor current was seen when V and Vg2 

were approximately equal. 	Measurement of the current 

to the control mesh as a function of second mesh potential 

showed that this was caused by a reduction in the electron 

current to the mesh. 	An initial drop in the current to 

the control mesh as V rose was accounted for by a larger g2 

fraction of the secondary current passing through the 

control mesh. 	As Vg2 was further increased, the rapid 

rise in secondary current was sufficient to cause a net 

1.8 Kv 
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rise in the current to the control mesh despite the 

falling fraction which it collected, 	Vhen the second 

mesh was made positive with respect to the control mesh, 

most of the secondary current was drawn through the control 

mesh. 	The fraction of secondary current passing through 

the control mesh is shown as a function of Vg2 
in figure 

5.5. 
As the secondary current from the dynode was eaual 

to the sum of the currents to the phosphor and to the control 

nesh;..and as it 	-;7)im ,  simpler to measure the dynode 

current as a function of the second mesh potential, many 

of the experiments were performed in this way. 	In 

figure 5.6, the secondary current is shown as a function 

of the second mesh potential for various control mesh. 

potentials. 	The curves for different V, and Vc were 

all-  similar in form and showed a distinct knee. 	Below 

this knee the current was independe7t of V 
g
iabDvc - thi 

knee the current depended on 	V. and only to a small 

extent on Vg2. 	The curved portion at the knee depended 

on both voltages. 	The following explanation was proposed:-

The knee of the curve occurred when V r2 was approximately 

equal to V,, the surface potential of the dynode. 	When 

Vg2 was greater than Vs, a small but steady rise in 
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secondary current was observed as Vg2 was increased which 

was too great, however, to be explained as a field 

penetration effect . 	The shape of the knee was expected 

to depend to eerie extent on the energy distribution of 

the secondary electrons. 

When Vat was less than V s'  , some electrons were unable 

to leave the dynode or else were returned. 	As a result, 

the value of V was reduced until a new equilibrium was 

reached. 	In this way, the dynode surface potential was 

controlled for low Vg2' by Vg2 and not by V . 	It followed 

that over a limited range, the electron gain of the dynode 

was controlled by Vg2. 

Because the retarding potential was able to affect 

the surface potential of the dynode, a static retarding 

potential experiment could not be expected to yield the 

electron energies in a simple manner. 	The surface 

potential could, however be estimated as follows. 	The 

point A in figure 5.6 indicates the point where the 

electron gain began to decrease rapidly as V,,2  was reduced. 

The more rapid dependence of the electron gain on V62 

beginning at this point was a consequence of the lowest 

energy electrons being repelled by the second mesh, and thus 

See Appendix A.3. 
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the value of Vg2 at A is related simply to the surface 

potential. 

5.3 The Variation of the Dynode Surface Potential with 

Control jiiesh and Cathode Potentials 

Within the limits of experimental error, the 

equilibrium surface potential was observed to depend only 

on the control mesh potential, and on the primary energy. 

The surface potential has been plotted LA.
."7 
 a function of 

the control mesh potential for various primary voltages 

in figures 5.7 and 5.8. 	In figure 5.9, where the four 

curves are shown plotted together for the sake of comparison, 

it can be seen that the surface potential decreased as 

the primary energy fell. 	Except at low control mesh 

voltages, the surface potential depended to only a small 

extent on V . 	This fact was explained 

by the surface potential being determined, not only by 

the control mesh potential, but by an equilibrium between 

the emission of secondary electrons from the outer layers 

of the dynode and an opposing internal current to the 

surface which developed as the potential across the dynode 

••••••••••••. 

The surface potential of the dynode will be equal to VG2, 

the effective potential of the second mesh, c.f. section 5.5. 
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increased. 

It had always been postulated that the surface 

potential of the dynode differed from that of the control 

mesh. 	Had only a small potential existed between the 

surface of the dynode and the control mesh, little or no 

focussing of the tube would have been possible. 	The 

focus improved with increasing control mesh potential; 

this improvement suggested an increasing potential difference 

between the dynode surface and the control mesh. 

It was often found possible to focus the cathode stage 

with two or more different cathode to dynode voltages at 

a given magnetic field. 	To maintain the focus between 

the dynode and the phosphors  it was usually necessary to 

make a small correction to the potential of either the 

control mesh or the phosphor screen. 	For examples  it 

was necessary to increase the mesh potential by 30 volts 

when the cathode voltage was changed from 3.0 to 6.8 Kv. 

This example indicated a change in dynode surface potential 

of 30 volts and provided confirmation for the results just 

described. 

5.4 The Variation of Gain with Surface Potential 

Figure 5.10 shows the electron gain as a function of 

the surface potential at various primary energies. 	An 
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approximately exponential variation of gain with surface 

potential was observed. 	As well as the rapid 

dependence of gain on surface potential, the gain at a 

given surface potential increased with primary energy. 

5.5 The Effect of Phosphor Field Penetration 

Calculation shows that the effect of the penetration 

- of the mesh to phosphor field was small and equivalent 

to an increase in the effective potential of the second 

mesh by an amount proportional to the phosphor voltage, 

i.e. 

VG2  = Vg2 + 5 x 10 'Vph 

where VG2 was the effective potential of the second mesh. 

This expression has been approximately confirmed by 

varying Vph  and Vg2  in such a manner as to keep the secondary 

emission from the dynode constant+. 	The results of this 

See Appendix 0 

The values of V Vc and i were held constant and Vg2 was 

chosen so that the secondary current - ;:-1; 	rT.piay changing 

function of Vg2. 	The secondary current did not change when 

Vg2  and Vph  were varied as in figure 5.11, because VG2 _the 

effective value of the second ntish petential,.ranained 

constant. 
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experiment are shown in figure 5.11, whence the emperical 

relationship 

VG2 = Vg2 + 10 x 10 4Vph 

was obtained. 	This equation was used to correct the 

dynode surface potential in figures 5.7 to 5.10. 	In 

graphs where the second mesh potential occurs as a 

co-ordinate, the uncorrected value has been used. 

5.6 The Forward_Velocity Distribution 

It was not possible to measure the velocity spectrum 

of the secondary electrons, by applying steady retarding 

potentials, because the electrons which were returned to 

the dynode reduced its surface potential with respect to 

the retarding electrode. 	This problem is common in work 

on electron emission from insulators and has previously 

been attacked by the use of pulse techniques similar to 

44 73 that about to be described. 

The retarding electrode was held at a D.C. level 

which allowed all the electrons to pass; a negative going 

square pulse was applied to the electrode, and when it was 

of sufficient anmlitude, some of the electrons were unable 

to pass and were returned to the dynode. 	By making the 

duration of the pulse short, the charge returned to the 

dynode surface was unable to lower its potential significantly 
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and the current flowing through the mesh remained constant 

for the duration of the pulse . 	The secondary current 

passing the mesh was collected by the phosphor which was 

connected to ground by a resistor. 	The change in secondary 

current was displayed on an oscilloscope connected across 

the resistor. 	Because the current during the negative 

pulse remained effectively constant, a sauare waveform 

was displayed whose amplitude was proportional to the 

change in the secondary current passing the retarding 

electrode. 	The spread in the forward velocities of the 

secondary electrons could then be deduced by measuring 

the change in the secondary current as a function of the 

amplitude of the negative pulse applied to the retarding 

electrode. 

The experimental arrangement used is shown in figure 

5.12. 	The negative going square pulses were produced 

by a Naggard pulse generator, attenuated. by means of a 

potentiometer, and then measured on an oscilloscope. 

The attenuated pulses were fed onto the second mesh of the 

two mesh image tube. 	The phosphor current was passed 

200[1second pulses were used, and a secondary current of 

the order of 10 8  amps. was collected. The capacity of the 

spot bombarded was estimated from the dynode thickness as 

100pf, and the change in surface potential could not have 

exceeded one fiftieth of a volt. 
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through the input impedance of a television head 

amplifier whose output was displayed on a second oscillo- 

scope. 	The television head amplifier was necessary to 

avoid high frequency attenuation of the output pulse by 

stray capacities. 	It was designed so that the stray 

capacities became part of the feedback network in the 

first amplifying stage, thereby reducing the negative 

feedback and increasing the gain at high frequencies. 

Figure 5.13 shows the amplitude of the output pulse 

as a function of the amplitude of the pulse fed onto the 

second mesh. 	The experiment was repeated for different 

D.C. potentials on the mesh and larger pulse amplitudes 

were needed as the D.C. potential was made more positive. 

Except for a very small increase in the secondary current 

as the D.C. potential was increased, the curves obtained 

for higher values of Vg2 were very similar in form. 	The 

fact that the shift in these curves was almost equal to 

the difference in D.C. levels on the mesh indicated that 

the surface potential of the dynode was not significantly 

affected by the D.C. potential of the second mesh. 

The output pulse amplitudes in figure 5.13 have been 

normalised by dividin by the change in phosphor current 

produced by very large nea.ative retarding pulses. 

Consequently figure 5.13 shows the fraction f of the 
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secondary current which was stopped by a pulse of amplitude 

Va. 	It can be seen that ,sv Va  is the fraction of the 
Li  a 

electrons stopped by pulses in an amplitude range OVa about 

Va. 

Figure 5.14 shows the results of a numerical differ- 

entiation. 	The curves obtained for Vv2  = 40, V = 45 

Vp, = 50, were very similar and are replotted in figure 

5.15 as a function of a new variable, v, where, 

= VS - VG2 Va' 

Va is the amplitude of the negative pulse applied to the 

retarding electrode. 

Because of the planar geometry used in the retarding 

experiment, v is the potential difference through which an 

electron would have had to have been accelerated to acquire 

a forward component of velocity of emission ui  Tthere, 

-nu f 2 
	

ev, 

and v is not the total energy in electron volts with which 

the electrons were emitted. 	The mean value of v was 4.5 

volts with a standard deviation of 2 volts. 	It can be seen 

that the electrons emitted from the low density dynodes had 

a large variation of forward velocities (and therefore 

emission energies) compared with those emitted from vacuum 

deposited dynodes where the average emission energy was 

about 2 ev. 
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The experiment just described provided no means of 

establishing whether the spread of forward velocities was 

a consequence of enhanced secondary emission, or merely 

reflected non--uniformity of the surface potential. 	An 

experiment (section 6.9) in the camera tube suggested 

that the_ range of surface potential between different 

parts of the dynode was only of the order of two volts 

provided the areas were not immediately adjacent to the 

edge of the KC1 deposit. 	Although the spot used in the 

measurement of the velocity spectrum was not small (about 

8 mm. in diameter), it was well removed from the edge of 

the deposit. 

It would not be surprising if the emergent electrons 

had a large variation in energy; electrons released within 

the deposit would be able to acquire energies from the 

field across the deposit which increased as the 'distance 

they travelled before escaping. 	Scattering would reduce 

these energies, but the presence of an accelerating field 

across the deposit provided a mechanism which would not 

occur in dynodes with bulk density KC1_ whereby the 

secondary electrons could acquire a large variation in 

energy. 



-138- 

CHAPTER 6 

The Response of Dynodes to Changing Primary Currents  

6.1 Introduction 

On projecting an image on to a tube, the intensified 

image takes a finite time,determined by the properties of 

the phosphor and of the dynode,to build up. 	The response 

times of the dynodes can be considered in two very distinct 

cases. 	In the first case, the dynode is not at its final 

working condition when the tube is exposed to light. 	The 

particular case when the dynode starts with no potential 

gradient across it is discussed in chapter 8. 	The second 

case occurs when the dynode has been previously brought 

to its working condition, the surface potential and the 

electron gain having reached their final values. According 

to Goetze42, the working condition of the tube could be 

attained by flooding the cathode with diffuse light when 

the unfocussed primary electrons caused the gain of the 

dynode to rise towards an equilibrium value. 	The flooding 

light was interrupted once the surface potential and the 

gain of the dynode had reached their final value. 

6.2 Experimental Observations 

Observations at primary current densities of the order... 
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of 10-10  amps/cm2 showed that it was possible to follow 

the variations in gain by means of a pen-recorder. 	The 

pen-recorder monitored the current flowing through the 

display meter of the electrometer which was measuring the 

secondary current drawn from the dynode. 	Identical scale 

readings could be obtained on both the electrometer and 

the pen recorder by adjustment of the potentiometer.  shown 

in figure 6.1. 

A large uniform spot of light, typically 1 cm. in 

diameter, was projected on the cathode. 	When the gain 

had reached an equilibrium value the primary current was 

interrupted by means of the electro-mechanical shutter 

attached to the projector! After a timed period, the 

same spot of light was again allowed to fall on the photo- 

cathode. 	It was felt that this procedure would simulate 

working conditions where a short time with no primary current 

incident on the dynode, would elapse between bringing the 

dynode to its working condition and projecting an image on 

to the tube. 

The behaviour of the dynode following this procedure 

was complicated it was however, reproducible provided 

that an equilibrium was reached before the primary current 

wasinterted.. The variation of gain on re•-applying the 

image was found to be affected by the primary current 

Section 4.4. 
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density and the time for which the primary current was 

interrupted. 	The latter period will be referred to as 

the 'off period'. 

The effect of a range of Toff' periods varying from 

one second to two hours when the primary current density 

was 2 x 10 11  amps/cm2 , was investigated; the results 

are shown in figures 6.2a to 6.2c. 	In general the response 

was a series of heavily damped oscillations superimposed 

on a slow recovery of the gain towards its equilibrium 

value. 

The first peak was always found to coincide with a 

marked increase in graininess in the image, and it appeared 

that its cause might be a rise and fall in surface potential 

and that further fluctuations in surface potential caused 

the subsequent variations in gain. 	The experiments 

described in this chapter were performed using the two 

mesh tube described in the last chapter, and it was a 

simple matter to demonstrate the origin of the first peak 

by repeating the experiment for a constant 'off' period 

and decreasing retarding mesh potentials. 

Figure 6.3 shows the variation with V n of the E‘ 
amplitudes of the :first two peaks, the first two minima, 

and the equilibrium value of the gain when the 'off' period 

was held constant at 10 seconds. 	The displacement of the 
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knee in the plot of the amplitude of the first peak 

against retarding potential towards a higher potential 

confirmed that the surface potential of the dynode did 

exceed its equilibrium value. 	Measurement of the rise 

in surface potential was rendered difficult by the 

broadness in the knee of the curve of P1  against V02. 

The broadness of the knee could have been a result of an 

increase in the variation of emission energies of the 

secondary electrons during this period of high surface 

potential; however, in view of the very wide range of 

energies which would be required to account for the broadness 

of the knee, a more plausible explanation was that the 

surface potential during this initial rise was very 

non-uniform. 

As well as the comparatively rapid fluctuations in 

gain which occurred when the primary current was interrupted, 

a slow build up of lain towards an equilibrium value was 

also observed. 	It can be seen from figures 6.2a to 6.2c 

that this slow build up of gain became increasingly 

apparent as the time for which the primary current was 

interrupted increased. 	If the primary current was again 

interrupted for a short time after the initial fluctuations 

had subsided but before the equilibrium value had been 

attained, fluctuations similar to those described in this 
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chapter were again observed; when they died down the 

gain continued to follow the same path it had before the 

interruption occurred. 	From these observations it was 

apparent that some factor other than the surface potential 

was involved in the slowly increasing value of the electron 

gain; indeed it has been shown in section 8.3 that the 

slow increase in gain towards the equilibrium value was 

associated with a fall in surface potential. 

The failure of the secondary current to remain 

proportional to the primary current'Acn the latter vas 
changing must inevitably set a severe limitation to the 

use of these dynodes in practical image intensifiers. 
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CHAPTIM 7 

The Use of Low Density Potassium Chloride Deposits as 

a Charge  Storage Medium 

7.1 Introduction 

It has already been reported (section 4.4) that the 

dynodes used in image intensifiers were capable of 

retaining information for periods in the order of days. 

It was decided to exploit this memory ability which resulted 

from the high resistance of the low density deposit of KC1, 

in a charge storage television camera tube. 

The principle of operation of such a camera tube, is 

that a charge proportional to that released from the 

photocathode in the period between successive scans is 

stored on a high resistance target. 	When a picture 

element is scanned by an electron beam, the charge released 

is proportional to the number of Photons incident since the 

last scan and thus the process of charge storage is a means 

of integration. 	Numerous attempts71,74,75,76,77 have been 

made to increase the integration period of television cameras 

as a means of evaluating images of low contrast. 	Charge 

storage camera tubes were currently being investigated at 

Imperial College by R. Filby and S. Mendel under the 

supervision of Dr. N. D. Twiddy and the work described in 
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this chapter was undertaken as a joint venture by the 

afore-mentioned and the author. 

Apart from the high resistance of the low density 

deposits, which would lead to long integration times, it 

appeared that other advantages might be gained from the 

use of a low density 1(01 dynode as a target. 	These were: 

1) The electrostatic capacity of a target in the order 

of 10p, thick would be near the optimum value for many 

purposes. 	The upper limit to the signal to noise ratio 

at a given resolution is set by the storage capacity of 

the target. Because the maximum allowable voltage excursion 

produced by the input signal is limited in practice to 

about 2 - 4 volts, the storage capacity of the target is 

effectively determined by its electrostatic capacity. 

An upper limit is set to the target capacity by the discharge 

process. 	For small signal voltages the discharge 

efficiency falls as a result of poor beam acceptance; if 

the capacity of the target is large, the beam is unable to 

discharge the target in a single scan78. 	A generally 

accepted value for the optimum target capacity is in the 

range 500 - 1,000 pf79. 

2) Some electron multiplication could be expected from 

the dynode. 	Because this multiplication would occur before 

the video signal was fed to the video amplifier, an increase 
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in signal to noise ratio might result*. 

3) A tube could be designed with the scanning gun and 
the photo-cathode on opposite sides of a multiplyinp:. target. 

This anangement is used in the image Orthicon but the 

necessity for residual target conductivity leads to a loss 

of resolution on attempting to prolong the integration 

period80  . 

It was hoped that a camera tube with a low density 

K01 dynode as a target would yield information on the 

operation of these dynodes in image intensifiers. 

7.2 Camera Tube Design and Construction 

In order to make use of existing apparatus, which 

included a conventional tube focussing solenoid and a 

complete closed circuit television channel together with 

miniature C.P.S. Emitron scanning coils, the tube was 

designed as in figures 7.1 and 7.2. 	The scanning section 

was identical in design and dimensions to the miniature 

C.P.S. Emitron and used the same type of electron gun81. 

The target and control mesh assembly was made and 

mounted as one unit. 	The film was mounted on a plate which 

was skirted to prevent cesiation of the rear end of the tube 

Appendix A.4. 
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during photo--cathode processing. 	A mesh of electro-

formed copper was mounted 1 cm behind the exit surface of 

the film. When the tube was used as a television camera 

tube, this mesh acted as an electron collector and defined 

the decelerating field for the scanning electron beam. 

In experiments on the behaviour of the dynode in image 

intensifiers, it also acted as a control mesh. 	It was 

supported by a plate which was attached to the outer film 

bearing plate by ceramic rods. A spring contact on the 

mesh plate bore against a platinum paste electrode on the 

tube wall. 

The imuge section of the tube was similar in most 

constructional details to the image intensifiers. 	It was 

focussed by parallel electrostatic and magnetic fields. 

Its unusually long length (19 cm) was a result of the low 

magnetic field recommended for focussing the C.P.S. .J]nitron 

electron gun. 	The photo-cathode was formed on an end 

window which was sealed to the tube with silver chloride. 

7.3 Low Velocity Scannin 

Low velocity scanning was used to read the charge image 

on the target and a short description of the mechanism of 

signal generation follows. 	The optical image was converted 

to a positive charge image on the surface of the target 
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which was scanned by a finely focussed electron beam. 

The target was arranged to be at a potential near that of 

the scanning gun cathode and as a result, the scanning 

electrons emitted very few secondary electrons from the 

target and stabilized the surface of the target at the 

potential of the cathode of the scanning gun. 	The discharge 

of successive picture elements induced a current to flow 

to the signal electrode which was capacitively coupled to 

the target surface. 	This current formed the video outnut 

of the tube. 

Several physical processes can be used to convert the 

optical image into a positive charge image. 	The charge 

image is formed in the C.P.S. Enitron by photo-emission 

from an insulatinp:. photo cathode. 	In the camera tube 

developed here, two processes, secondary electron emission 

and a form of bombardment induced conductivity, contributed 

to the formation of the charge image. 

7.4 Operation of the First Camera Tube 

The external circuit for the camera tube is illustrated 

in figure 7.3. 	The closed circuit T.V. channel was of 

conventional design and is not described. 	Suppression of 

the electron beam for charge integration experiments was 

achieved by connecting the modulator grid of the electron gun 
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to the negative H.T. line of the head amplifier. 	The 

tube was supported at the image section end by a conventional 

cradle and was pushed into the scanning and alignment coils 

which were permanently mounted in the focussing solenoid. 

The preliminary experiments were made with a tube which 

was later shown to have a high resistance contact between 

the film backing and the supporting plate. 	This tube 

functioned well as a camera tube, exhibiting resolutions 

in the region of 5 -- 6 1p/ram, and most of the characteristics 

of the successful tube were discovered with this tube. 

At low backing positive voltages
* 

the tube gave good 

pictures without observable lag. 	The image produced on 

the monitor, became progressively weaker as the film 

backing was made more negative of the electron gun cathode. 

Increasing the positive backing voltage caused brighter 

images. 	As the backing was made more positive, localised 

bright spots appeared and increased in intensity and an 

increasing instability towards overloading was noted. 

From these observations it was decided that two 

Throughout this and the next chapter, the term 'film 

backing is to be understood to refer to the aluminium layer 

between the A1203 support layer and the potassium chloride 

deposit. 
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independent mechanisms were involved in picture formation. 

7.5 Formation of the Charge Image by Secondary Electron 

Emission 

Primary electrons from the photocathode were 

sufficiently energetic to penetrate the film and liberate 

secondary electrons from the potassium chloride nearest 

the mesh. 	Because of the high secondary emission ratio 
* 

of potassium chloride a net positive charge was left as 

a result of bombardment. 	The emission of these secondaries 

was, to a large extent, determined by the surface condition 

of the crystallites and the energies of the electrons 

striking them and independent of the potential gradients 

within the film. 

7.6 Formation of the Charge  Ima7e by Bombardment Induced 

Conductiyi-ly 

Many normally insulating materials become conducting.  

when bombarded by high energy electrons 63 82,83 ' 

Bombardment induced conductivity has already been employed 

in camera tubes 84'85 	In these tubes a thin layer of 

The secondary emission ratio of KCl has been reported by 

Theodorou to reach eleven30 on reflection. 
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insulator or semi-conductor was deposited on a signal 

plate which was held positive with respect to the cathode 

of a low velocity electron gun. 	The electron beam scanned 

the free surface of the deposit and continued to land 

until the surface was cathode potential stabilized. When 

the insulator was bombarded with high velocity electrons, 

it became conducting to an extent determined by the bombard- 

ing current de nsity. 	Because the side of the deposit 

facing the gun was at cathode potential and the signal 

plate was held positive, a positive charge image was 

transferred to the target surface. 

It was believed that a similar mechanism contributed 

to the formation of the charge image in the camera tube 

described here, when the film backing was held positive with 

respect to the gun cathode. 	When the backing was held 

negative with respect to the gun cathode, the induced 

conductivity resulted in a reduction of the intensity of 

the positive charge image produced by secondary emission. 

It is important to note a difference between the conduction 

mechanism operating in low density KCl deposits and true 

bombardment induced conductivity which arises in continuous 

solids. 	In the latter, the conductivity occurs due to a 

conduction mechanism within the solid. 	The low density 

KCl deposit was believed to consist of finely divided 
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particles between which little contact existed; the 

charge carriers must have been able to drift between the 

particles and were almost certainly secondary electrons 

which were emitted from the surfaces of the crystallites. 

It was even more unlikely that BI.C. in the normally 

accepted sense was significant in view of work reported 

by Collins and Hirsch86. 	They showed that although it 

was possible for alkali halides in general,and KC1 in 

particular,to exhibit B.I.C. and show a current gain, the 

effect was small. 	The maximum gain for KCl was about 18 

and this could only be maintained for a short time unless 

the potential across the layer was periodically reversed. 

No sustained conductivity was observed. 

For the sake of convenience, the term B.I.C. will be 

used to indicate the process just described, which has been 

termed S..C. (secondary electron conduction) by Westinghouse 

in reference to their S.E.C. Vidicon. 	This is a tube, 

essentially similar to that described here which was 

announced shortly after the construction of the last tube 

described in this thesis87:88  

7.7. Electron Skipninr7 

Certain combinations of electric and magnetic field 

gave rise to the considerable increases in primary current 
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illustrated in figure 7.4. 	Complete suppression of 

the rise in primary current could always be'achieved by 

increasing the magnetic field to large values; no evidence 

of more than one peak was ever obtained at a given magnetic 

or electric field. 	The peaks in primary current were 

always accompanied by noise on the monitor screen. When 

making measurements of the primary current it was 

necessary to increase the magnetic field to get a correct 

reading because `the measurements were made at photo-cathode 

potentials which otherwise i7ave rise to an apparent increase 

in prinary current. 

Firing the getter in the tube reduced but did not 

eliminate these effects which persisted when the tube 

showed no other signs of softness. 	This reduction did 

however, indicate a connection of the effect with residual 

gas in the tube. 	A possible explanation of the gain was 

that ions or electrons striking the walls of the tube 

produced secondary electrons which were accelerated and • 

returned to the tube walls whence they released yet more 

secondaries. 	A cascade of electrons was established along 

the walls of the tube. 

* Section 4.6. 
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It was found that 

B
2 
M27 = kV 	+ c max 

where Bmax was the magnetic fields  and Vmax  the cathode pot-

ential at which the apparent primary current had r. 

maximum value. 	c was a small constant of unexplained 

origin and k was another constant. 	'valuation of the 

constant k showed that this equation corresponded to 

electrons striking the walls of the tube after travelling 

an average distance of 2.2 to 2.45 cm along; the tube froM 

the point at which they were emitted*. 	This distance was 

not very different from the spacing of the platinised glass 

wall electrodes. 	Since metals invariably have secondary 

emission ratios below those of insulators it was postulated 

that the tube wall consisted of alternate bands of high and 

low secondary emittin surfaces. 	An electron cascade was 

only possible when electrons from one region of unpainted 

glass were focussed onto the next. 	The resonance 

arose because of the larp:e number (nine) of evenly spaced 

electrodes. 	Further confirmation of this hypothesis was 

obtained when two electrodes near the centre of the tube 

were connected together. 	A large reduction in the primary 

current gain was observed to result from the defocussing 

and non--acceleration of one generation of electrons. 

Appendix. A.5. 
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The observation that the cascade was associated with 

noise over the entire monitor screen, and that the image 

within the area of the film was not affected, confirmed 

that the electron showers were confined to the walls of 

the tube; the position and length of a flash on the screen 

indicated the time of arrival of a shower initiated by 

a single electron or ion, and also its duration. 	The 

flashes were always about picture point size and hence were 

probably of shorter duration than the response time of the 

head amplifier. 

It is interesting to compare this result with that 

of Zacharov, who found a high background in his tubes only 

in the
26  

presence of a magnetic field. 	Zacharov reduced this 

background, which was augmented by ions from the tube walls 

striking the cathode by means of anuli spaced down the walls 

of the tube. 

The camera tube had a high background which limited the 

integration time to two hours. 	It was felt that this 

background was associated with electron cascading even though 

the normal tube operating conditions were some way off 

resonance. 	For this reason it was decided that future 

tubes (built after the author had left) should have shorter 

image sections and anuli similar to those suggested by 

Zacharov. 
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7.8 The Effect on the Film of Processing the Thermionic 

Cathode 

Before the construction and processing of a second 

and a third camera tube, the demountable tube (chapter 3) 

was modified and used in an experiment to see if the low 

density KCl deposit was attacked by gases evolved during 

the processing of the thermionic cathode. 	The end plate 

below the electrode structure was replaced by a tube to• 

which a side-arm containing an unprocessed Emitron gun 

was sealed. 	A low density KCl dynode was mounted in the 

tube and its electron gain was measured at intervals 

while the electron gun was processed. 	No fall in gain 

was observed. 	Care had been taken to ensure that the 

pumping stems were sufficiently constricted that the 

chance of contamination was not minimised by rapid removal 

of gas. 

7.9 The Final Camera Tube 

Although the first tube operated reasonably well it 

became evident that there was a very high resistance 

between the film backing and the plate supporting the 

target, and the tube was abandoned. 	A second tube was 

made, but had to be abandoned because of a fault in the gun 

section, and a third tube was successful. 	This tube 



-166- 

showed no significant deviations in behaviour from the 

first tube, except that there was no evidence of a poor 

contact to the film backing. 	A more searching investigation 

was made into the performance of this tube as a television 

camera, and it was found to exceed all expectations. 	A 

limiting resolution of 13 1p/mm, at the photo-•cathode was 

observed. 	This resolution was obtained only when the 

'zoom' control on the monitor was operated so that the 

scanned area of the target was reduced and the limitations 

imposed by the frequency response of the television channel 

were removed. 

7.10 The Measurement of the Signal to Noise Ratio 

The signal to noise ratio was measured when a potential 

of 6Kv was applied between the photo-cathode and the target, 

the film backing was 5 volts positive of earth, and the 

image was of the maximum intensity which did not cause 

overloading of the tube. 	The signal and the noise were 

measured by means of an oscilloscope, as voltages at the 

output of the head amplifier. 

In order to avoid confusion on the oscilloscope screen, 

and to be able to identify deflections on the oscilloscope 

trace with features in the image, measurements were made 

on only one line. 	A 'line selector' caused the 



oscilloscope to trigger for only one line scan per frame; 

the line selected was identified as a dark line on the 

monitor screen. 

The head-amplifier, which had a gain of unity, produced 

an R.M.S. noise of 1mV, when the tube was not connected. 

The noise of the complete system was 3mV R.M.S. when the 

tube was connected and the cathode was at full H.T. volts. 

A focussed image was shone on the photo--cathode at the 

maximum intensity which did not show, by a loss of 

resolution on the monitor screen, that the tube was being 

overloaded.
* 

The signal was found to be 200mV giving 

a signal to noise ratio of approximately 70+  

When areas of the target charge beyond a certain voltage, 

the beam is deflected towards these points away from less 

heavily charged neighbouring areas. 	The effect, which is 

known as 'beam pulling' is indicated by an apparent growth 

of the white areas and a loss of resolution. 

Later measurements89 
	

by Filby and Mende, have 

indicated that the signal to noise ratio is higher, being 

between 100 and 200. 
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7.11 The Charge Gain of the Target  

The incidence at the target of a charge Qin  from the 

photo-cathode causes the appearance of a positive charge 

Qout on its scanned surface. 	The ratio 

 
Q. 	is defined 
'out 

as the charge gain. 	If we confine our attention to the 

charges gin  and gout  incident on, and scanned off the 

target, respectively, in a single frame period and at a 

single picture point, then; 

'out 	gout 
0i117 	gin 

Now if N is the number of lines per frame9  

T is the frame scan period, 

P 
is the primary current, 

f is the fraction of the scanned area occupied by 

. the image, 

and 	a is the aspoct ratio of the picture, 

then 	ipT = afN
2
gin 	(7.1) 

Also, if i is the current crenerated by the discharge of 

a picture point 	
aN2gout 	 ( 7 . 2) iv 	T 
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The current iv flows across a load resistor R 

producing a video signal vout. Re-arrangement and 

substitution gives 

G lout=  
gin 

fvout 
Ri p  

(7.3) 

vout was measured directly in the manner described in the 

preceding section. 	The charge gain is shown in figure 7.6 

as a function of the film backing potential at a constant 

primary energy of 5Kev. 	The charge gain was not measured 

at very high positive backing voltages because the camera 

tube was becoming increasingly unstable, and the image 

produced was spoilt by blemishes. 

7.12 Image Blemishes  

As the backing was made more positive, localised 

blemishes in the form of white spots became increasingly 

apparent. 	These blemishes were probably holes in the 

potassium chloride layer through which scanning electrons 

were attracted by the positive potential on the film backing. 

The collection of electrons when areas very near a hole 'were 

scanned, resulted in a signal corresponding to a bright spot. 

7.13 Overloading; of the Camera  Tube 

When an excessive signal was applied to the photo-cathode 
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more positive charge was generated on the target surface 

than could be removed by the scanning beam. As a result the 

surface potential of the target rose and the scanning 

electrons were accelerated and acquired sufficient energy 

to liberate secondary electrons from the target. When 

the potential of the film surface rose to first crossover,+  

the scanning electrons, instead of neutralising the positive 

charge on the film surface, added to it. 	The potential 

across the film rose until the film broke down. 

Overloading was observed on the monitor screen, first 

as beam pulling, and then as a loss in intensity in the 

highlights which rapidly became black and spread over the 

film area if the overloading was allowed to continue. 

The black appearance was due to a net loss of electrons as 

the target was scanned. 	The picture finally disappeared 

in a burst of horizontal flashes as the film broke down and 

the head-amplifier was overloaded. 	This condition was 

self maintaining and could only be stopped by lowering the 

mesh potential until secondary electrons liberated by the 

scanning beam were returned to the target, or by reducing 

+ First crossover is that potential at which the secondary 

emission ratio of the surface first rises to unity as the 

potential is increased from zero. 
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the film backing potential until the target surface 

potential was near that of the cathode of the electron 

gun. 

7.14 Tube LinearitX 

Figure 7.7 shows the output of the tube (measured 

as the voltage output of the head amplifier) as a function 

of the incident current when the film backing was at the 

same potential as the gun cathode. Within a range which 

was shown by beam pulling to be in excess of the normal 

operating range, the tube had a linear response. 

7.15 Charge Inte&ration 

The tube appeared to be able to integrate weak 

signals over a prolonged period with no apparent loss of 

resolution provided that excessive excursions of the 

target surface potential were not allowed to occur. 	The 

period of integration was limited by tube background to 

about two hours. 

In section 8.4, it is shown that the target had a 

leakage resistance in excess of 5 x 10 13  ohmsf it can 

be expected that in the absence of a primary current, very 

little deterioration of a stored imape would take place 

over a period of several hours. 	In sections8.3 and 8.5 it 
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is shown that complicated effects took place when large 

potential gradients were allowed to develop across the 

KCl layer; in normal storage applications the potential 

gradients would be too small for these effects to occur 

and detract from the usefulness of the tube as a charge 

storage device. 
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CHAPTER 8  

The Use of the Camera Tube to Investigate the Behaviour  

of the Dynodes in Image Intensifiers 

8.1 Introduction 

In the experiments described in this chapter, the 

camera tube was used to investigate the variation of 

surface potential of the low density KCl film under 

conditions very similar to those which it would have 

experienced as a dynode in an image intensifier. 	The 

scanning electron beam was prevented from landing on the 

film surface and primary electrons were allowed to land 

on the film; at the same time, the mesh was held at 

similar potentials with respect to the conducting backing 

as was the control mesh in an image intensifier. 	Under 

these conditions it was to be expected that the film would 

behave in the same manner as it would have done in an 

image intensifier, the surface potential being determined 

by the cathode and mesh voltages, the current density and 

time. 	The surface potential was then found by adjusting 

the film backing potential until the electrons were just 

able to land on the dynode surface and a picture was 

produced on the monitor screen. 	It was then known that 
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the surface potential was near that of the cathode of the 

electron gun and thence the potential across the KC1 

deposit could be estimated. 

Two means were available for preventing the electron 

beam from landing. Either the scanning beam was 

suppressed by the application of a large negative potential 

to the modulator of the electron gun, or the film backing 

was held sufficiently negative with respect to the 

cathode of the electron gun that the electrons were unable 

to land. 

Before any experiments on the variation of the 

surface potential were made, the secondary emission gain 

was measured as a function of the collector potential and 

the primary energy. 	From these measurements it was 

established that the film in the camera tube was represent-

ative of dynodes which had been tested in image intensi-

fiers. 

8.2 Experiments in which the Film was Continuously Scanned 

Some preliminary experiments were made in which 

continuously displayed images were produced when the 

backing was negative of the gun cathode. 	In order to be 

able to distinguish the image above the noise level, it 

was necessary to increase the intensity of the incident 
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image as the backing was made more negative; at the 

same time the quality of the image dropped markedly. 

When the backing was more than about 32 volts negative 

of the gun cathode the appearance of the image depended 

strongly on the time for which primary current was incident 

on the target. When the backing was between 35 and 50 

volts negative with respect to the gun cathode, only 

transient images could be obtained. When the backing 

was between 32 and 35 volts negative of the gun cathode 

images of longer duration could be obtained; these 

however, faded slowly and eventually disappeared. 

Continuous pictures could be displayed indefinitely when 

the backing was less than 32 volts negative of the gun 

cathode. 	Under no conditions was an image ever produced 

when the backing was more than 50 volts negative of the 

gun cathode. 

Switching off the H.T. for a short tine caused the 

image to appear and then disappear when the H.P. was az ain 

*
The voltage between the photo-cathode and the film is 

referred to as the H.T. 	In experiments where the primary 

current to the film was interrupted, the H.T. was switched 

off rather than the projector to avoid any possibility of 

the tube background current affecting the behaviour of the film. 
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switched on, provided that the time lapse between 

successive exposures was long enough. 

It appeared from these experiments that the potential 

across the film rose steadily at first until it reached 

a value of about 50 volts; it then dropped rapidly to 

a value in the neip:hbourhood of 35 volts and thereafter 

fell slowly to an equilibrium value of approximately 

3 2 volts. 

8.3 Experiments on the Surface Potential in which the 

Film was  not Continuously Scanned  

In two parallel sets of experiments the surface 

potential was investigated whilst the primary current was 

incident and after it had been stopped. 	To perform the 

first experiment the film backing potential was set at 

-50 volts, and the mesh potential at 150 volts, so that 

the mesh was 200 volts positive with respect to the film. 

With such a negative backing potential it was ensured that 

the scanning beam could not land. 	After timed intervals, 

the film backing potential was reduced and the negative 

bias on the gun modulator removed. 	By noting the backing 

potential at which a 'white up' first occurred, it was 
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possible to plot the surface potential as a function of 

time. 	The fact that the mesh potential relative to the 

film was not constant was considered unimportant for the 

following reasons. A comparatively high mesh potential 

was used so that the fractional change was small; apart 

from the short time for which the film surface was being 

explored, the film backing potential was returned to 

-50 volts; it had already been showilf that the control 

mesh potential had only a small effect on the equilibrium 

surface potential when it was above a certain value. 

The second experiment was performed under similar 

conditions except that the H.T. was switched off before 

the film was scanned. 

It was frequently observed that the initial picture 

on the monitor depended on the previous treatment of the 

film. 	The film was returned to a 'normal' state before 

beginning a new experiment, by bombarding it with primary 

electrons while its surface was scanned and its backing 

was held at the potential of the gun cathode. 	The 

experiment was not begun until the picture on the monitor 

was no longer changing. 	In both sets of experiments, the 

photocathode was illuminated with a spot of light which 

Section 5.3. 

Section 8.7. 
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coincided with the area of the film. 

These experiments were repeated at several primary 

current densities. 	The results for two current densities 

are shown in figures 8.1 and 8.2 	figure 8.1 also shows 

the electron gain of the dynode measured under similar 

conditions. 	It appeared that the behaviour of the surface 

potential whilst the primary current was incident iwas 

determined by the total primary charge incident on the 

film. 	It was seen however , that the surface potential 

of the film continued to fall for a time after the primary 

current was interrupted. 	The magnitude of the fall 

increased with the primary current. 	It also increased 

with the time of bombardment if equilibrium had not been 

established before the primary current was interrupted. 

No fall in potential was detected if the primary current 

was interrupted while the surface potential was still 

rising. 

8.4 The Resistance of  the Potassium Chloride La= 

The resistivity of the KCl deposit was estimated in 

the following manner. 	After an image had been projected 

for a short time and the surface potential was still risings  

the H.T. was switched off. 	It was then established by 

scanning the target that a potential of 41 volts had been 
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set up across the KC1 layer. 	Further scanning at the 

same backing potential failed to produce a picture and the 

tube was left for twenty minutes after which the surface 

potential had dropped by less than 2 volts. 	Assuming 

that the target capacity was 500pf*., the minimum leakage 

resistance of the KC1 layer was estimated at 5 x 1013 ohms. 

and the minimum resistivity as 2.5 x 1017 ohms/cm. 

8.5 The Induced Conductivity and the Surface Potential  

In order to account for the fall in surface potential 

of the KCl deposit on prolonged bombardment, it was 

necessary to assume that the conductivity of the deposit 

was increasing. 	It was not clear whether the increased 

conductivity resulted merely from the prolonged passage 

of primary electrons through the deposit or whether the 

conductivity increased only in the presence of a potential 

gradient. 

The primary current was allowed to fall on the film for 

a period considerably longer than that in which the rise 

The mass per unit area of the film was known from conduct-

imetric analysis on a simultaneously prepared film. 

Treating the film as a parallel plate capacitor and assuming 

its density to be 3.2, its capacity was estimated at 500pf. 
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and fall in potential would have occurred. 	During this 

period the potential across the film was prevented from 

rising by scanning the surface of the film while the film 

backing was held at the potential of the gun cathode. 

The film backing was then made 40 volts negative with respect 

to the gun cathode without suppressing the electron beam. 

The picture on the monitor subsequently developed and then 

disappeared in the same manner as it would have done had 

the primary current not been incident for the period before 

the potential backing was reduced. 

The fact that the potential was still able to rise 

to values well above the equilibrium value despite the 

prolonged bombardment, showed that the increased conductivity 

was not caused by the passage of the primary electrons alone 

and that a potential across the KC' deposit was essential 

for the conductivity to increase. 

The continued fall in the surface potential after the 

primary current was interrupted indicated that the increased 

conductivity persisted for a short time in the absence of 

any primary current. 
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8.6 Relative Intensities in the Revived Image and the  

Sustained Emission in Intensifiers  Using Low Density  

KCl Dynodes+  

It has been demonstrated in section 8.3, that a drop 

in surface potential occurred soon after the bombardment 

of the dynode ceased. 	This drop in potential was found 

to increase with both the time of bombardment and the 

primary current density. 	It has also been shown that, 

apart from initial variations following a change in primary 

current density, the effect of prolonged secondary emission 

from the dynode was a rise in the electron gain . 	Unless 

the drop in surface potential on ceasing bombardment was 

large, the local rise in surface potential was retained, 

and when the cathode was again illuminated, the area of 

the dynode which had previously been bombarded still exhibited 

a higher electron gain. 	As a result, the 'revived' image 

appeared bright against the flooding illumination. 	If, 

however, because of a heavy and sustained primary currents 

a large drop in surface potential occurred on interrupting 

the primary current, the field across the dynode was lowered 

to such an extent that the gain was reduced. 	As 

+ 
Section 4.10 

Chapter 6 
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a result, the 'revived' image appeared dark against the 

flooding illumination. 

The comparative rapidity with which the sustained 

emission died in areas which had received heavy primary 

current densities, was also a result of a fall in surface 

potential when the primary current was interrupted. 	Areas 

which had received rather lower current densities did not 

experience such a large drop in surface potential and the 

sustained emission, although initially less intense, 

persisted for longer. 

8.7 Enhanced Charge  Gain of the Camera Tube Target 

When a large positive potential was allowed to develop 

on the scanned surface of the target of the camera tube, 

it was found that the charge gain of the tube was 

considerably increased when the tube was again operated 

with lower backing potentials. 	This increase in gain died 

away as the tube was used and the Prolonged incidence of 

primary current when the backing potential was near that of 

the electron gun cathode removed all traces of previous 

operating conditions. 

This increase in gain was found only after a large 

increase in surface potential and was not observed in 

normal camera tube operation unless the tube was overloaded 
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and secondary emission from the scanning beam caused a 

catastrophic rise in surface potential. 

The cause of this enhanced charge gain was not 

established; the release of trapped charges may have 

been a contributary factor. 

8.8 The Effect of Reducinf; the Incident Current Density  

A surprising observation was that reducing the primary 

current density could lead to an increase in the surface 

potential. 	When an intense signal was applied and the 

film backing was held at such a .potential that 

at equilibriUm the surface was just negative with respect 

to the gun cathode, a reduction in intensity of the 

incident signal caused waves of light, which travelled 

outwards from the centre of the picture, to appear on the 

monitor screen. 	These died down in a few seconds and no 

further picture appeared on the screen. 	The appearance 

of the light areas on the monitor showed that the reduction 

in intensity of the input current had caused a temporary 

rise in the surface potential. 	A typical cause of this 

effect was a reduction in primary current of from 10 x 10-11 

amps/cm2 to 5 x 10-11  amps/cm2 when a ripple was seen 

approximately 10 seconds after the reduction in intensity 

of the input signal. 
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A somewhat similar effect had been observed in image 

intensifiers when the primary current was suddenly reduced 

by the rapid introduction into the incident light beam 

of a ten times, or one hundred times, neutral density filter; 

the secondary current did not simply drop, but showed 

considerable oscillation: before settling down to 

a steady value. 	It was believed that these effects were 

also caused by flnctuations in the film surface potential. 

8.9 Uniformity of Surface Potential  

The uniformity of the surface potential was investigated 

when the film was in an equilibrium state by noting the 

backing potentials at which various fractions of the film 

surface were accepting the scanning beam. 	The greater 

part of the film appeared to have potentials within. a. range of 

about 2 volts except at the edges where the film got 

thinner and the potential of the surrounding support plate, 

which was at backing potential, shielded the film from the 

effect of the control mesh. 

8.10 The Mechanism of  Enhanced Seconda.mfpission and 

Bombardment Induced Conductivity 

The deposit of KC1 was believed to consist of loosely 

packed crystallites with only vacuum in the spaces between 
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them. 	The primary electrons struck a large number of 

these crystallites, penetrating them or being reflected. 

At each crystal surface traversed or struck by the primary 

electrons, a number of secondary electrons were released 

into the vacuum interspace. 	In the absence of an electric 

field these electrons drifted about between the crystall-

ites and were eventually recollected by crystal surfaces 

within the deposit which had themselves become positively 

charged by the liberation of secondary electrons. 

When a suitable potential gradient existed near the exit 

surface of the deposit, some of the secondary electrons 

liberated near the surface were able to escape. 	A 

positive charge accumulated on the surface and an electric 

field developed which caused electrons liberated further 

back to drift towards the surface. 	Many of these 

electrons were recollected before they reached the surface, 

but some reached the surface and were able to escape; 

it was these which appeared as the enhanced secondary 

emission current. 

From figures 8.1 and 8.2 and an estimated value of the 

capacity of the film, it was possible to estimate the net 

charging current causing the initial rise in surface potential. 

Unless a negative charge existed on the surface this current-

was low, and ranged from approximately seven times the primary 
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current when no potential existed across the film to zero when 

the potential reached its maximum value. 	The very low 

value of the charging current compared with the enhanced 

secondary emission gain suggested that the positive charge 

formed at any point by secondary emission was to a large 

extent neutralised by the electron current across the film. 

When the surface of the deposit nearer the electron 

gun was negatively charged, as in the use of the camera 

tube with the backing positive, the direction of the 

electron drift was reversed. 	The drift of electrons which 

had previously appeared as enhanced secondary emissions 

now constituted the 'bombardment induced current' described 

in section 7.6. 

In many respects the mechanism so far proposed is 

inadequate to account for all the properties of the dynode. 

It offers no explanation for the peculiar response of the 

dynodes to chanffinz, primary currents, for the sustained 

emission and drop in surface potential when the primary 

current was interrupted, and for the instabilities and 

breakdown when high potentials were applied to the control 

mesh. 	The complicated time response of the enhanced 

emission implied that additiOnal conduction mechanisms 

which grew and died very slowly were established within 

the dynode. 	These additional mechanisms may have resulted 
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from the generation of tertiary electrons and from field 

emission within the dynode. 	A contributary factor to 

their slow response may have been that they depended 

critically on the disposition of charges within the 

deposits  and that these charc,.es and the fields between 

them took a long time to stabilise. 

The fall in surface potential towards an equilibrium 

value discussed in section 	was almost certainly 

accounted for by these conduction mechanisms; in the same 

section it was shown that the falling; surface potential 

was accompanied by a rising electron 	It is 

believed that the increased current across the dynode gave 

rise to a greater secondary current 	at the same time 

more electrons were available to reduce the surface 

potential which then fell. 

The failure of the additional conductivity to die 

rapidly probably accounted for the sustained emission 

and for the drop in surface potential when the secondary 

current was interrupted. 
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CHAFTM 

Summary and Conclusions - - — —  

This thesis has described the development of dynodes 

showing high electron gains, their investigation in sealed 

off image intensifiers, and subsequently their use as 

targets in charge storage camera tubes. 	As a result 

of their poor imaging qualities, sustained emission and 

complicated response to changing primary currents, it was 

felt that the dynodes developed at Imperial College would 

not be very useful in image intensifiers, despite the 

high electron gains which could be achieved with single 

dynodes. 	Many of these adverse features were associated 

with the presence of high potential gradients which were 

developed across the dynodes and which were themselves 

essential for the mechanism of enhanced secondary emission. 

In the application of the low density deposits where 

large potentials were not allowed to develop, i.e. as 

targets for television camera tubes, none of these 

complicated effects were observed. 	The very high resist- 

ivity of the deposits, the value of the target capacity 

and the charge gain available when only moderate potentials 

were allowed to develop across them, enabled charge storage 

targets with very promising properties to be developed. 



It was noticed that when, whether by accident or by 

design, a high potential was allowed to develop across 

the targets, their properties were temporarily altered. In 

normal camera tube operation, such excessive potential 

gradients would be avoided however. 



-194-- 

APPENDIX 

A.1. Focussing in a Simple Tube  

Suppose an electron is emitted with a velocity v at 

an angle 0 to the direction of parallel magnetic and electric 

fields. 	Consider its motion in a plane perpendicular to 

the field direction. 

Because the electron has a velocity sing normal to the 

magnetic field it experiences a force of Bevsin 

perpendicular to the direction in which it is travelling, 

and is constrained to move in a circle of radius r metres, 

where B is the magnetic induction in Webers/sq. metre, 

e is the charge of an electron in coulombs, m is its mass 

in Kg, and 

2 2 
my sin 0 = BevsinG r 

whence 

r = mvsing 
Be (A.1)  

If ti  is the time for the electron to complete one revolution 

__2vr 
vsing 

27cm 
Be (A.2)  

The electron is also accelerated in the direction of 

the fields by the electric field along the tube; the 

resultant path is a helix about an axis parallel to the 
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direction of the fields. 	T is independent of the direction 

and magnitude of the velocity with which the electron is 

emitted, and is thus the same for all electrons in a 

uniform magnetic field. 	Consider electrons emitted from 

a plane perpendicular to the field axis. 	Consider a 

second plane, also perpendicular to the field axis, but at a 

0.istance 1 from, and at a positive potential V with respect 

to, the former plane. 	In general, electrons travelling 

between the two planes will travel a distance s in a time 

t given by 

Ve = vtcosG + 	-u ml (A.3) 
In practice, the potential V is large and to a first 

approximation, the term vtcosg can be neglected, giving; 

Ve u ml (A.4) 

The electrons undergo no net transverse displacement and 

are focussed between the two planes if 

s = 1, and t = nT 

Substituting these values in equations (A.2) and (A.4.) 

and rearranging 

2mV 
1 = B 	e 
	 (A.5) 

A.2. Focussing in a Tube with One Mesh 

The previous treatment of the focussing of a tube where 
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the electric field has only one value can be extended to 

the case where the electric field differs in two regions 

of the tube. 	Such a situation will be produced when a 

plane mesh is placed normal to the axis of the tube as 

in figure A.1. 	In addition to the symbols defined in the 

last section, let the distance of the mesh from the front 

end of the tube be Al and its potential with respect to the 

emitting surface be AV 	also let Bn  be the magnetic field 

to focus the tube when the potential gradients on both 

sides of the mesh are equal, and the electron executes 

n complete rotations. 	Let t1 by the time for an electron 

to reach the mesh and t2 be due time for the electron to 

travel from the mesh to the phosphor screen. 

Substituting s = Al, t = t1'in equation (A.4) 

	

Al . 7- AV 	t 2 

	

2  Al 	i 	' 
.hence  t - Al 	 1IL - 

eAV 
(A.6) 

In the second section of the tube 

1 - Al = 	2eAV t 4. 1  V - AV 
in 	2 	2  1 •- Q1 1  

whence 

e  t 2  in 2 

511  1 - Al  
(A.7)  t2  

e vv+  ow- 

Adding equations A.6 and A.7, and equating t
1 	t2  = kT where 

k is a small inter, tho con6.ition for electrons to be 

foc-o.-L:cr. become. • 

1 	Al I 4. 	,\ AV -1  
1 (A.8)  

eV = 
1 

V 



Potential:- 	0 volts + LI V volts 	 + V volts 
esh. 

Plane on which 

• /Electrons are 
Focussed. 

Electron 

Emitting Plane. p --el 

Imo 

Fig. A. 1. Focussing Tube with One Mesh. 
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Substituting equations A.2 and A.5 in equation A.8 we 

have that the condition for focus is 

[ % 
	A (.9 B = 	B 	I + 
V  n n 
Al 7-  

i 1 AV 

This relationship was confirmed in a tube which had a solid 

potassium chloride dynode. Figure A.2 shows magnetic field 

A + T7  ( 	Al nr v  
1 j 

Linear plots were obtained, and the gradients of the lines 

bore integral relationships to each other, showing that 

each line represented focussing with a different number 

of revolutions by the electrons. 	By dividing the gradients 

of these lines by small integers, and replotting,a single 

straight line could be obtained which represented the 

condition for single loop focussing. 	The value of Bn 

given by the gradient of the graph was within 5% of the 

value calculated from equation (A.5). 

A.3. Phosphor Field Penetration  

The following calculation is based on that used by 

Aldous and Appleton90 in their' tent of the action 

of the grid in a triode valve. 

It is assumed that the combined action of a mesh 

followed by a phosphor screen can be regarded as equivalent 

plotted against the function 
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to that of a single imaginary anode in the plane of the 

mesh, and at a potential which is a function of the mesh and 

phosphor potentials and the tube geometry. Let us first 

consider a single mesh tube, (figure A.3). 

Let Vph be the potential of the phosphor relative to 

the dynode surface, 

V be the potential of the mesh relative to the 

dynode surface, 

VG be the potential of the imaginary anode relative 

to the dynode surface, 

CGg be the capacity of the mesh to the imaginary 

anode, 

CGa be the capacity of the phosphor to the 

imaginary anode, 

and 	CGk be the capacity of the dynode to the imaginary 

anode. 

Because the total charge on an imaginary anode must be zero; 

VG CGk + (VG - g) CGg + (\r 	V
ph
) 
 J̀ Ga 

CGa V+ V V, 	ph C 

-dGa 
Gam. 

1 + 	+ 
CTg 

whence VG 

0 	(A.10) 

(A.11) 

The term CGg represents the capacity of the mesh wires 

to the plane in which they lie. An expression is given by 



Dynode Plane of Imaginary Anode 

0 volts. VG volts. 	 Vph volts. Vg. 

V• ,I 
o 
:1  
o- - ---) 
• -I-c o -7  Gg 

CGk 	o  
_ 

0 

C Ga. 
—I 

Phosphor. 

• 
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Fig. A.3. A.3. Phosphor Field Penetration. 
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Maxwell for the capacity of a grating of n parallel wires 

per cm. as 

C = Anlf(nd) 

where 

Ignd) 1 

' 	2 	log e 	tri71' 2-  

where d is the diameter of the wire, 

nd is the 'shadow ratio' of the grid, 

and 	A is the area of the mesh considered. 

The mesh can be regarded as two gratings, one of which has 

been turned through 900  from a position where its wires 

were parallel to, and half way between, the wires of the 

other grating. 

	

	The capacity of the two gratings to the 

plane in which they lie will be only slightly changed by 

the rotation and to a first approximation will be given by 

CGg = 2An* (2nd) 

where 2nd is the total 'shadow ratid 	This was measured 

optically and found to be 0.09 which is within the limits 

of applicability of Maxwell's formula. 

The mesh used in most tubes had.  

n = 20cm-1 

''hence 	*(2nd) = 0.395 

and 	CGcs = 15.8A 

C a,,  and CGa  are capacities between parallel planes, whence 
* 

n is the number of wires per cm of the mesh, hence the 
factor 2. 



-203- 

A c 	= 
Ga 	49aGa 

and 

A  CGk - 471Gk 

where 1Ga is the distance between the mesh and the phosphor 

screen, and 1Gk is the distance between the mesh and the 

dynode. 

It can be seen that: 

CGg » CGa 

and 
	

CGg >> CGk 

and thus equation (A.11) can be written to a first order; 

vv 	-2R v G F CGg ph 

This treatment for a tube with only one mesh is very 

easily extended to a tube with two meshes. 	The inter-

position of a control mesh between the dynode and the 

second mesh will affect only Ccc; this quantity only 

appears as a second order term and the argument used in 

deriving an expression for the effective potential of the 

mesh will not be materially affected. 

When numerical values are substituted for 1Ga and 1Gk' 
we get: 

- VG2 = Vg2 + 5 x 10 4V ph 

where VG2 is the effective potential of the second mesh. 

(A.12) 
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Whilst this treatment accounts satisfactorily for the 

effect of the phosphor potential on the secondary emission 

from the dynode, it does not account for the slow rise in 

electron gain with VG2s where Vg2 > Vs  

If VG is the effective potential of the control mesh 

when corrected for the penetration of the potential of 

the second mesh, then; 

VG 

	

	 Gg2  v  = V CGg g2 

where 0Gy2 is the capacity of the plane of the control mesh 

to that of the second mesh, and CGly  is the capacity of 

the control mesh to the plane in which it lies. 

The two meshes were identical in construction and 

thus; 

C. = 15.8A 

and 

1 
CGg2 	4T1Gg2  

where 1Gg2 is the distance between the two meshes. 

Numerical substitution gives 

_,_ 	v  1 VG = V
" 
+ 	v 

g ()U gC 

The experimental results obtained would require that for 

V = 100v. and Vc = 6.4Kv 

1 V 	V + --- V G — g 	7.5 g2 

Section 5.2. 



This large discrepancy indicates that field penetration 

does not account for the rise in gain with increasing 

Vu2, when Vf„, was greater than the surface potential. 

A.4. Signal to Noise Ratio  

Consider first a charge storage tube where the charge 

due to each photo-electron is discharged directly by the 

scanning beam. 	If Hy photo--electrons are stored on 

average per picture element, the photo-electron shot noise 

will be4—n' where 

Hi = Hot, 

n is the average rate of arrival of photons per picture 

point on the photo cathode, 0 is the responsive quantum 

efficiency of the photo-cathode, and t is the integration 

time. 

The noise due to the head amplifier can be regarded 

as a fluctuation of nA electrons per picture element. 

The total noise per picture element is given by 

(dn)2  = 	+ nA2  

If SN1 is the signal to noise ratio, then; 

n' [ 

1 + 
n' 

As the signal to noise ratio in the incident light signal 

was IL 
1 0  

quantum efficiency D.Q.E. is given by 

, it follows from section 1.2, that the detective 
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D.Q.E. = 

 

A typical value of nA  will be in the region of 1,000. 

It can be seen that the signal to noise ratio of the 

camera tube is limited at low light levels by the amplifier 

noise. 

Consider now a camera tube where the charge due to 

the photo-current is multiplied before it is scanned by 

the electron bean. 	Let the electron multiplication 

have an average value of E. 	If Yis the signal per 

picture elenent, then; 

S n' m 

After Mande191  we have 

- 	2 A2S = m2  A n' + 77.' A2m 

where the symbol A2 represents the mean square fluctuation. 

For electrons obeying a Poissonian distribution 

A2S = n' 712 + A
2m 1. 

The total noise is given by 

(dn)2= -- n' (m'0  + A2m ) + n2  
A 

The signal to noise ratio, SN2 of this tube is given by 

t -1 	2 

n2A  1 2m  - -2 m n 

SN2 



-207- 

The detective quantum efficiency D.Q.E' is given by 

6  

	

D
-Tr 	n 

, + 	+ ---.Q..1 = 	A m 	A
2 

	

77 	27. 

	

m45 	
II"' m2 

(A.14) 

Under some conditions a considerable increase in the 

detective quantum efficiency is effected by the reduction 

of the effect of the amplifier noise. 	In table 1, the 

detective quantum efficiency D.Q.E.' of a tube with an 

electron multiplying target has been calculated for 

various values of 17 and 	for comparison, the detective 

quantum efficiency D.Q.E, of a tube without charge gain. 

has also been calculated. 	The amplifier noise term nA  

has been taken as 1,000. 	In the absence of experimental 
2m  evidence it was necessary to anticipate a value of A  

The value unity has been used in table 1 as this is the 

value obtained for an exponential variation of 17;. 

Exponential variations are sometimes observed for multi- 

plication by secondary emission and may not be inappropriate 

here. 

It can be seen that a very considerable increase in 

low light level performance is to be expected when the 

A2m 
target shows a high charge gain. Although the term -1r  
can reduce the detective auantum efficiency by a factor 
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Table I 

The Effect of Charge Gain 

DGE DOE' 
0-• 0- 

—n 1  m=1 m=3.16 m=10 m=31.6 m=100 

10 3 •001 .001 .010 .08 .333 .487 

103.5 .003 .003 .030 .198 .432 .492 

10 4 .010 .010 .080 •333 .487 .498 

104.5 .031 .030 .198 .432 .493 .500 

10 5  091 080 333 487 498 500 

1055 .241 .198 .432 .432 .500 .500 

Symbols as defined in text. 
The dashed line represents a limit set by the capacity 

of the target. It has been assumed that •a signal in 
excess of 105.5 electrons per picture point will cause 
overloading. 
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of up to 
OM. 

2n-1 
2 

this is in general greatly offset by the increase 

arising from the reduction in the effect of amplifier 

noise. 

A.5. 'Electron Shipping' in a Long Tube 

The following analysis, which is an extension of the 

treatment of the focussing of electrons in axial magnetic 

and electrostatic fields, derives the resonance condition 

discussed in section 7.7 	. 	A comparison of the radii 

of the wall of the tube and the circular path into 

which the magnetic field constrains the electrons shows 

that it is possible to treat the wall as a plane surface, 

the radii being three centimetres and approximately one 

millimetre respectively. 

The electrons will be emitted from the tube wall at 

an angle * to the wall (figure A.4) and will subsequently 

be constrained in a helical path until they are returned 

to the tube wall after travelling a distance f in the 

direction of the electric field. The projection of the path of 

the electron in a plane normal to the field is part of a 

circle and the electron will strike the wall-after turning 

through an angle of 2* . Because it has constant angular 



Electron Emitted. 

Electron Trajectory. 
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Glass—Vacuum Interface 

Electron Strikes Wall. 

entre of Electron Trajectory. 

Fig. A 4. Projection of Electron Trajectory into a Plane Normal 

to the Field Axis. 
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velocity the electron will strike the wall after a time 

Tiv  given by: 

El T = T 

	

* 	27z 

where T is the time of gyration of the electron in the 

	

magnetic field. 	It follows that 

leV 	2 	leV (i.\ 2 2 (A.20) ml f = 	2 	 T 

where the symbols have the values assigned in section A.1. 

Let f be the distance that an electron describing a full 

circle will travel, then: 

leV 2 
-  2m1 

and 

f  = 1.1)2 
`7c/ 

Let Floe the average distance all electrons travel before 

striking the wall, then 

r 7t 

cl* 

where p(*)d* is the probability that an electron is emitted 

at an angle in the range 

We can discuss two likely angle distributions; 

1) Lambertian, i.e. P(*)0 = -2-sin • 4,(5.1, 

I In this case, F 	( )
\2  

f'it sin*d* 7c  
` 0 	= 0.298 f7t 

(A.21) 



B 7C 
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2) That where P(*) dd* = a* 7 
i.e. all angle-, -re equally likely. 

In this case 

(2)2  f d* 9t 
0 

0.333f 

now, from (A.2) and (A.4) 

,eV 2 f = 
7C 	Mi 

ti 

and 
27cm 
Be 

re-arrangement and substitution gives, 

2mV 
,\ 

V7-77 

where B is in gauss, 1 in centimetres and 

The result obtained experimentally was 

1 

V in kilovolts. 

B = 27)V 

whence direct comparison gives; 

= 7.4 cm. 

By substituting in the equations obtained for f for the two 

types of angular distribution we find 

f = 2.2 cm, and f = 2.L.5 cm respectively. 

The first of these figures is within 10% of the inter-electrode 
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spacing; closer agreement is not to be expected due to 

the fact that the limits of integration were 0 to v 

whilst it can be seen that electrons near the limits will 

probably strike the platinum paint and not contribute to 

the.cascade process. 	It is unlikely however that the 

errors introduced by this approximation will be sufficient 

to affect the argument substantially, especially considering 

that in the Lambertian distribution which gives the better 

result, few electrons are emitted near the limiting values 

of * = 0 and * = 
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A NEW TELEVISION CAMERA, 
INTENDED FOR SCIENTIFIC 

APPLICATIONS, HAVING A VERY 
HIGH SENSITIVITY AND GOOD 

STORAGE PROPERTIES 
By R. S. FILBY, S. B. MENDE, M. E. ROSENBLOOM 

and DR. N. D. TWIDDY 
Department of Physics, Imperial College of Science and 

Technology, London, S.W.7 

THERE are considerable advantages to be obtained by 
using a specially designed television camera for the 

detection of faint optical images. These advantages arise 
from the greater quantum sensitivity and the absence of 
reciprocity failure in the photoelectric effect compared 
with photography, and because the output is in the form 
of an electric signal, ideally suited for transmission or 
computer applications. 

The obvious fields of application aro astronomy, space 
research and medical physics and, in the astronomical 
field, the use of the technique to extend the range of existing 
astronomical telescopes was first proposed by McGee'. 
Several attempts have been made to use television cameras 
in. astronomy2, but these have not been sufficiently suc-
cessful so far to merit wide use of the technique. 

In space research a suitable electronic camera would 
permit long exposures to visible or other radiation to be 
made, the picture being stored until it is convenient to 
transmit it to base by slow read out. 

Existing television camera tubes are unsuitable because 
of their inability to store for periods longer than a few 
seconds. What is required is a television camera of high 
sensitivity capable of integrating a weak light input over 
a long period, of storing this integrated picture for an 
appreciable time without deterioration and finally the pic-
ture should be read out in a single television frame period. 

A tube which seems to offer all the required features 
has beon developed; it has sensitivity which compares 
very favourably with the best television camera tubes at 
present available, it is capable of storing a charge image for 
several hours without deterioration, its charge storage 



capacity can be adjusted in manufacture to suit the 
proposed application, and it does not exhibit appreciable 
persistence of image or 'lag' which is an undesirable 
feature of television camera tubes having too large a 
target capacity or using photoconductive layers. 

The construction of the tube is shown in Fig. 1. The 
light input is focused on to a transparent photocathode (1). 
The photoelectron image so produced is then accelerated 
and focused by means of a uniform electric field provided 
by the metallic rings (2), and a uniform magnetic field 
produced by the long solenoid (3). These photoelectrons 
are accelerated to energies of the order of 5-7 keV and 
strike a special target (4). 

The novel feature of the tube is the use of a target 
consisting of a thin conducting signal plate on which is 
deposited, on the side away from the photocathode, a 
spongy layer of highly insulating material. A cross-section 
through this target is shown in Fig. 2. It consists of a 
layer of ahuninium oxide about 500 A thick which serves 
as a support membrane for a signal plate of alwninium 
of similar thickness. On this signal plate is deposited a 
spongy layer of potassium chloride. The spongy layer is 
produced by evaporating the insulator in the presence of 
an inert gas so that atoms aggregate before reaching the 
target and form a spongy layer of much lower density 
and lower dielectric constant than the solid material. In a 
typical tube the spongy layer density may be of the order 
of 3 per cent of the solid and the layer thickness 5-10g.. 
The technique is similar to that developed by Goetze' 
for the preparation of films for transmission secondary 
emission image intensifiers. 

Since the density of this layer is very low, electrons 
with energies of the order of 5 kV are able to penetrate it 
and build up a positive charge by transmission secondary 
emission. Tho secondary electrons are collected by the 
positive mesh (5). 

In view of the relatively largo thickness of the spongy 
layer, the capacitance between the surface of the layer 
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Fig. 1. New television signal generating tube. The optical input is imaged-at the photo-
cathode (1). The photoelectrons are imaged at the target (4) which is scanned on its 

reverse side by a low-velocity electron beam front the electron gun (6) • 
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Fig. 2. Section through target (4) 

and the conducting signal plate will be low compared 
with a tube using a solid layer. Therefore tho undesirable 
capacitative 'lag' occurring in such tubes is avoided. 

The capacity could be controlled during the formation 
of the layer by varying either, or both, the density and the 
thickness to achieve the ideal charge storage capacity for 
a given tube application. 

The positive charge image can be retained on such 
layers for hours without deterioration and can be read 
out by scanning the layer surface orthogonally with a low-
velocity electron beam from the gun (6). In the present 
tube the signal is obtained from the conducting signal 
plate. It could, however, also be obtained by collecting 
the return beam after it has scanned the insulating side 
of the target, in which case it would be advantageous to 
multiply the return beam by means of an electron multi-
plier as in the image orthicon. This amplification would 
result in a signal-to-noise ratio which would be determined 
mainly by the shot noise of the scanning beam and be 
independent of amplifier noise. The signal-to-noise ratio 
would, however, be better than that of an imago orthicon 
because, unlike the image orthicon, there is no mesh in 
front of the target to intercept the primary electrons. 
Also the charge gain in the spongy layer is 7 compared 
with the image orthicon's gain of 5. However, the major 
improvement arises from the much larger charge storage 
capacity of the new tube. It is convenient to make this 
about 1,000-2,000 pF, that is, at least ten times the 
capacity of the image orthicon target'. 
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However, oven without this refinement, the performance 
of the tube is impressive. The experimental tube has a 
target capacity and signal extraction arrangement similar 
to a C.P.S. Emitron camera tube so that it was convenient 
to compare these cameras using identical head amplifiers. 
It was found that the new tube produced an output peak 
white signal seven times larger than the C.P.S. Emitron 
for the same light input and photocathode sensitivity. 
The experimental tube was operated to give a secondary 
emission gain of about 7 in this test and thus this result 
was to be expected since the C.P.S. Emitron has no second-
ary emission multiplication. 

The tube has a limiting resolution of 13 line pairs/mm. 
The resolution is at present limited partly because the 
present reading section is identical to that of the C.P.S. 
Emitron and was designed to scan a larger target than that 
in the present tube, and partly due to the interaction 
between the primary electrons in the image section and 
the scanning fields, duo to inadequate screening. In later 
versions it is proposed to use a scanning system designed 
for a vidicon camera which should improve the resolu-
tion. 

In the image orthicon, the unavoidable penetration of 
the scanning field into the image section results in a loss 
of resolution, but this effect should be much smaller in 
our tube since the image-electron energies in the imago 
section will be at least an order of magnitude larger. 

If a potential difference is maintained across the spongy 
dielectric layer, then use may be made of electron bom-
bardment induced conductivity to supplement the multi- 
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Fig. 3. The variation of the charge gain in the spongy target layer, 
with signal plate potential. The gain is 7 for zero volts across the layer 

(signal plate potential = cathode potential) 
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plication in the layer. The insulating surface of the layer 
is cathode potential stabilized and thus the potential 
difference across the layer may be conveniently varied by 
changing the signal plate potential. The variation of 
multiplication with signal plate potential is shown in 
Fig. 3. Satisfactory performance is obtained with rela-
tively low voltages giving a multiplication of about seven, 
but, with the present layers, increasing the voltage across 
the layer to obtain "gains of 20 or more results in the 
appearance of white spots due to pinholes in the layer. 
Under these conditions the tube is not suitable for tele-
vision pictures or star fields, but would still be usable for 
scientific applications involving the detection of objects 
much larger than picture point size. 

The output signal current is proportional to the input 
illumination, that is, the gamma (y) is unity. When 
operated as a television camera, the tube is capable of 
withstanding light input overloads of 8 times the input 
corresponding to peak white signal before the target tends 
to anode potential stabilize. This may not be adequate for 
some television work. In a scientific application involving 
a long exposure to detect faint objects in the presence of 
bright ones, the rise of potential on the layer due to the 
bright sources can be limited by keeping the mesh at a 
potential below the first secondary emission crossover 
potential. 

The device may, of course, be used for the detection of 
infra-red, ultra-violet, and X-radiation by replacing the 
existing photocathode by a photocathode or phosphor/ 
photocathode sandwich sensitive to these radiations 
together with a suitable end-window. 
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