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2. 

ABSTRACT.  

The problem of faint, low—contrast image 

detection is discussed in general terms. Factors 

which will determine the effectiveness of image 

detectors, applied to this problem are considered, 

and a figure of merit is proposed to enable a ready 

comparison to be made between various image detectors. 

After reviewing image detectors, employing 

photographic storage media, the author oonsiders, 

in detail, how charge storage may be exploited as an 

image detecting technique to achieve optimum results. 

A critical survey follows of existing charge storage 

devices and a new storage tube is described. This 

incorporates a spongy potassium chloride target layer 

which possesses exceptional gain and insulation pro—

perties. 

An account of the development, design, con—

struction, and processing of the new tube is given, 

and a demountable apparatus is described which enables 

spongy potassium chloride layers to be tested under 

signal generating conditions. The properties and 

signal generating mechanisms of the spongy potassium 

chloride target camera tubes are investigated, so that 
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the advantages and limitations of the device nay 

be assessed, and suggestions are made for possible 

further development. 
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CHAPTER 1  

INTRODUCTION. 

The observation of light images involves 

making a comparison between the numbers of photons 

arriving from different regions of an object under 

examination. Measures of the resolution and effi—

ciency of a device, used to detect optical images, 

will be provided by how small a region on the object 

may be isolated, and how few photons are necessary 

for an intelligent observation to be made. 

The human eye can claim to be a versatile 

and sensitive image detector, which compares very 

favourably with any man made device. Its superiority 

over other devices has been assessed by Rose(148) who 

has made a direct comparison between various image 

detectors for scene brightnesses ranging from 10-6 

to 104 foot—lamberts. Rose's curves indicate that 

the eye performs particularly well at low light 

levels. In order to make such a direct comparison, 

all the devices considered must be assessed for the 

same object size, lens diameter, scene brightness, 

image contrast, and exposure time. The latter must 

be 0.2 seconds, simce this is approximately the 
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stoage time of the eye. This restriction in the 

length of time for which the eye can integrate a 

light flux imposes a limiting scene brightness 

(10-7  foot—lamberts) below which the unaided eye 

is no longer capable of operating. Further limitations 

of the eye arise from the facts that it is only a 

qualitive detector, that the eye can only be used 

in locations, congenial to life, and that no scien— 

tifically useful, permanent record is derived from 

the visual process. 

Other image detectors, while appearing to be 

inferior to the eye when compared under a specified 

set of conditions at which the eye performs well, 

may nonetheless prove more useful than the eye for 

many applications because they are not so severely 

restricted in the time intervals for which they are 

capable of integrating an incoming light flux, and 

because they may be used in environments where human 

observers cannot be located. 

The photographic plate is such a device which 

has long been a useful tool in the detection of 

faint images. When exposed to a dim object for a long 
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period, the weak light flux is integrated and stored 

as developable grains of silver halide. This property 

of being able to store and integrate incident radiation 

may be exploited more effectively if the photographic 

emulsion is used in conjunct:.on with a photoelectric 

Brice, since photoelectric detection is much more 

efficient than direct photography. Much effort has 

therefore been channelled into combining the photo—

electric and photographic processes to the best effect. 

After development, the information contained on 

the photographic plate is readily interpretable by 

the eye, but if quantitative measurements are required, 

a detailed photometric study of the plate is necessary. 

An alternative method of detecting faint optical 

images is to use a televison camera, capable of in—

tegrating and storing information( 109,113).  Such a 

device is called a storage tube. A television camera 

has all  the advantages afforded by the efficiency of 

photoelectric detection, while one has the choice of 

either making direct photometric measurements from 

the electrical signal generated, or of converting 

the signal into a picture on a monitor for easy visual 
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interpratation. A further advantage of telemetry 

over photography is the ability to transmit data 

by radio. This is of great value in balloon borne 

astronomy(20'55) and essential in space research(3'27,103,134) 

This thesis describes the work done by the author 

and his collaborators in producing and developing a 

storage tube which may be used as a photometer, 

capable of measuring the intensity distribution of 

low contrast images, e.g. faint stars, superimposed 

on the sky background, or faint spectral lines, 

superimposed on a continuum. 
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CHAPTER 2 

PROPERTIES OF IMAGE DETECTORS.  

2.1. Cameras used for non—scientific applications. 

The function of all image detectors is to 

convert the intelligence oonveyed by a photon flux 

into a more conveniently observable form. For non—

scientific applications, this usually involves pre—

senting to the eye of an observer in a location, 

remote from the original object, another photon flux 

which creates the illusion that the original scene 

is being observed. The reproduced image may take 

the form of a moving picture displayed on a television 

monitor or a cinema screen, or it may be in the form 

of a still photograph, providing a permanent visual 

record or evidence of an item of interest. The 

important properties of such image detectors will 

clearly be those which indicate how successfully the 

attempted illusion is accomplished. The observer will 

be satisfied if :— 

(a) a picture is presented, containing detail just 

beyond the resolution capability of the eye. 

(b) faithful picture geometry is achieved. 

(c) continuous motion is simulated without 

introducing the sensation of flicker. 
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(d) the brightness variations in the picture 

correspond to those present in the original scene. 

(e) noise or graininess is unobtrusive. 

(f) the picture is presented within an area which can 

be viewed comfortably, i.e. head movement is not 

required by a properly lactated viewer to enable the 

whole picture to be observedc155)  

The degree to which these specifications may be 

realised depends upon properties of image detectors, 

considered in greater detail below, resolution, 

quantum efficiency, storage capacity and picture lag. 

The limitations of the eye provide a limit, beyond 

Which, further devdhpment of the properties of image 

detectors to be used for entertainment purposes is 

unnecessary. It is debatable whether the additional 

sophistication of picture generation to provide colour 

reproduction, panoramic viewing and stereoscopic vision 

really adds sufficiently to the entertainment value 

to fully justify the expense and effort involved. 

2.2. Cameras used for scientific applications.  

The scientific application of image detectors 

does no necessarily require that the input information 
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derived from the primary photon flux under examination 

should be converted into a secondary photon flux to 

provide a facsimile of the original. Processing of 

the signal need continue only so far as to enable 

quantitative measurements to be made. Thus, a negative 

or the raw video signal from the head amplifier of a 

pick—up device are often, scientifically more useful 

than a positive photographic print or a picture dis—

played on a television monitor. 

It follows, too, that the standards of performance 

demanded for entertainment purposes do not necessarily 

coincide with the properties required of a device used 

for a specific scientific application. 

In order, therefore, to make an assessment of a 

acientific measuring instrument, it is desirable to 

avoid the practice of automatically describing its 

performance when used under conditions corresponding 

to entertainment standards. (e.g. for television—type 

storage tubes, these would be 405 or 625 lines at 25 

frames per second). Such standards could be quite 

irrelevant to the application in view and might 

represent quite an inefficient use of the instrument 
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in question. A much better guide to the value of a 

detector to be used as a scientific measuring instru—

ment will be provided by giving the properties of the 

device when used under conditions which enable optimum 

performance to be realised. 

2.3. Image Information Recording Efficiency,  

a Figure of Merit for an image detector. 

In order to facilitate comparison between image 

devices, it would be useful if a unique figure of merit 

could be assigned, which could be quoted when the device 

is operated with parameters, corresponding to the best 

performance of which it is capable, i.e. conditions for 

which the figure of merit is maximized. 

It must be emphasised,however, that a single 

figure of merit cannot uniquely provide a measure 

of the usefulness of a device since, in practice, one 

is always dealing with a special rather than with a 

general application. The application will invariably 

weight the properties included in any suggested figure 

of merit. Further, so many and varied are the pro—

perties of a complex device like a television camera, 

that it is difficult to know which properties may be 

neglected when compiling a figure of merit, e.g. the 
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physical size of a camera and the length of time for 

which a device is capable of integrating an image 

are clearly both important properties which are bound 

to receive consideration for a particular application. 

However, they are difficult properties to accommodate 

when making a general assessment. 

Having said this, it is clear that a 'figure 

of merit' will always tend to be an artificial concept, 

and have little use, other than in making a purely 

academic comparison between various devices. A well 

chosen 'figure of merit' may, nonetheless, still serve 

to embrace a number of properties common to all image 

detectors and so provide some indication of the rela—

tive performance capabilities of various image detec—

ting devices. In order then to make such an academic 

comparison between devices used as image detectors, 

let us consider how a figure of merit might be defined. 

The quantity of information which a camera is 

capable of providing in a given time could be taken as 

a measure of its utility. The ability of a camera to 

record information may be considered as the number of 

co—ordinates available to define the image under 

3onsideration. Thus, if the image device is capable 
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of providing an output picture which can be sub—divided 

into 'n' separate, resolvable units of which, each 

may contain '110' definitely discernible half tones, 

the information carrying capacity can be represented 

by the product of n x 

The figure for ho  will, in general, be less than 

the number of discernible half tones, hi, inherently 

present in the input photon flux, which could be dis— 

criminated by a perfect detector. A real detector 

may thus be considered to be inferior to a perfect 
ho 

detector by a factor 17,i  . „ 

A figure of merit, F, which the author has 

called the Image Information Recording Efficiency 

of an image detecting device may thus be defined by:— 

h, 
F = n -Y- 	 (2.1) hi  

h, 
n and the factor 17= are, in general, not mutually "i  

independent. To enable a quantitative assessment 

of the value of F to be made, more precise definitions 

will be assigned to the concepts of number of 

resolvable picture elements and to the concept of a 

definitely discernible difference in half tones. A 

discussion will then follow on the factors affecting 

these parameters. 
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2.4. Resolution and total number of 

resolvable units.  

A common method of specifying resolution is to 

quote the finest detail a system can resolve. Such 

a specification, while useful, cannot completely 

represent the ability of a device to portray detail(145). 

The value of a single figure to represent resolution 

serves to do little more than to provide a memorable 

number which may be associated with a particular 

detector to enable a rough comparison to be made 

with kindred devices. 

Resolution should not be considered as an 

independent property of a system, divorced from the 

concept of perceptible contrast differences. If the 

performance of a device is limited by the scarcity of 

input photon information, the ability to perceive 

given contrast differences may often be maintained 

at the expense of resolvable detail(148).  If adequate 

input photon information is available, the ability of 

a device to discriminate detail may be expressed in 

terms of the output picture contrast produced by a 

fully moOuated  input picture of a spatial frequency 

corresponding to the detail in question. Thus, the 
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modulation transfer response characteristic provides 

one of the best representations of the overall reso—

lution properties of an image detector. This is the 

image modulation, produced by a square wave light 

pattern, plotted as a function of image detail when 

the detector is used under conditions of optimum 

light level. 

The modulation, Mm  may be defined by:— 

I mcgt — I men (2.2) 
max 	r rrii n` 

where 	and 'tin  are the signal levels or 

intensities of the image in the regions corresponding 

to the whites and blacks of the original object. 

This definition which gives the modulation as the 

signal amplitude, expressed as a fraction of the 

mean signal level is based on Michelson's definition 

of the visibility of optical fringe patterns(39). 

Image detail may be expressed in terms of 

line pairs per mm., but a convenient method of des—

cribing the resolution of a pick—up tube is in terms 

of the equivalent number of television lines. If the 

resolution is quoted as TITO television lines, 'ml 

represents the number of horizontal scanning lines 
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which correspond to the same detail as that observed 

along the direction of a scanning line, i.e. if the 

picture in a system of aspect ratio (width/height) Ar  

may be sub—divided into p units of perceptible detail 

across the frame, the resolution expressed as 'm' 

television lines will be given by :— 

m = 	(2.3) 

Tiqus, if we consider systems in which the 

number of scanning lines actually used is the same 

as the value of m, given by Eqn.(2.3), the total 

number of separable picture elements will be given 

by:— 

n = mp. 

• . n = Arm2. 	(2.4) 

Ar  will usually take the value 4, since an aspect 

ratio of television picture height to width to diagonal, 

originally chosen as 3 : 4 : 5 for entertainment 

purposes, has become an almost universally accepted 

constant in television—type pick—up tubes. 
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2.5. Minimum detectable contrast, and the  

number of discernible half—tones, inhorent  

in a primary photon flux.  

(a) Criterion for defining discernible differences  

in brightness. 

Having specified a definite picture element, the 

image detecting process may be regarded as estimating the 

number of photons, falling on to a given picture element, 

and comparising this with the numbers of photons, estimated 

to pertain to neighbouring picture elements. Distinct 

differences in half—tone may be discerned when significantly 

different numbers of photons are counted in neighbouring 

picture elements. The criterion by which a significant 

diffcnce is judged to exist between the relevant numbers 

of photons, requires that this difference should exceed 

the r.m.s. random noise fluctuations present by a factor, 

known as the coefficient of certainty, Ke. 

Thus, if the mean number of photons observed to 

fall on one picture element in an exposure time Te  is Ti , 

with a root mean square fluctuation, al  and the mean 

number falling on a neighbouring element in the same time 

is P2, with a root mean square fluctuation of LP2' then 

these picture elements may be perceived as separate half 

tones if 

P' — PZ f 	 K, A/A-13,2  + AE-1522. 



For just discernible differences, 
2 — 

that APB ue, AR2 . Hence 
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, so 

IR -- 	i\Ifl<„N? 	(2.5) 

(b) Minimum detectable contrast. 

A particular problem, involving the discernment 

of small differences in half--tone is that of observing 

a faint object against a relatively strong background. 

If the numbers of photons, seen to arrive at an array 

of picture elements during a period of observation, 

fluctuate in a random fashion about a mean, 7F, with a 

root mean square deviation, AP, and if the total 

number of photons, arriving during this period on a 

single picture element, observed as a highlight in 

the array, is PI, then the contrast of that highlight 

against the background is defined as 

C Pi  (2.6) 

  

P' is considered to be significantly different from 

the background if 

    

(2.7) 

    

— P K. /SP 

This is similar to the test applied to define 

discernible brightness differences in two neighbouring 
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picture elements (Eqn.2.5). 

This criterion for deciding whether or not an 

observation deviates significantly from the mean of 

a series of readings is encountered in textbooks 

dealing with the assessment of measurements, subject 

to random errors. Braidick(22)  has provided a table 

for measurements whose fluctuations follow a Gaussian 

distribution, from which may be read the probability 

for the occurrence of an error in the measurement of 

P', exceeding KcAP, for various values of Itc. A 

suitable value to assign to the coefficient of cer—

tainty, K0, in problems involving the detection of 

optical images is 5(149)  

Eqns. (2.6) and (2.7) yield for the least 

detectable contrast, qiin, inherently discernible 

in an image whose picture elements include a mean 

number of photons per picture element, equal to is :— 

  

 

•••••••• 

 

Kc  

 

• . 

  

(SIN.) 

where (S./Ni) is the signal to noise ratio in the input 

photon flux. 
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It is convenient at this stage to introduce 

the concept of an ideal detector of images. This is 

a hypothetical image detector, in which every photon 

is unequivocally detected. Thus, unlike a real 

detector of images, discussed below ( §,1 2.6), in 

which the statistical fluctuations of observed events 

are degraded during processing, a perfect detector of 

images would yield a value for LP, equal to the root 

mean square fluctuation, inherent in the primary 

photon flux. The fact that these photons occur 

randomly in time leads to the conclusion that the 

distribution of the number of photons, arriving in 

consecutive time intervals of specified duration,is 

Poissonian(104)  . This enables us to write :— 

    

AP =_- 
Hence, Eqn. (2.7) becomes 

K e. 

Arr.' 
This is a fundamental limit, and represents 

the ultimate in the detection of perceptible contrast 

differences. From this, it follows that the larger 

the value of f, i.e. the greater the capacity of the 
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postulated ideal detector to accept photon information, 

the smaller will be the minimum detectable contrast. 

The condition necessary for a highlight to be 

just perceptible against background picture elements 

is illustrated diagraMmatically in Fig.2.1. 

(c) Number of discernible half—tones.  

To the number of photons, P, which may be 

observed in a picture element, let us assign a suffix 

h to represent the number of discernible halftones 

which this input photon flux is inherently capable 

of accommodating. Then if Ph, is the maximum number 

of photons which may be observed per picture element, 

hi  will be the maximum number of discernible half—tone 

steps which may be accommodated. hi  may be ascertained 

by determining the number of times it is necessary to 

subtract the successively decreasing value of / R:c 'h 

(given in Eqn.2.5 as the least detectable brightness 

difference) from Ph, starting at P
hi 

, and continuing 

to P1, the ultimate number of photons which can be 

detected in isolation. 
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PICTURE ELEMENTS 

IF P--i5 K,AP, A PICTURE ELEMENT IN WHICH P-
PHOTONS HAVE BEEN OBSERVED BY A PERFECT 
DETECTOR OF IMAGES IS CONSIDERED TO BE 
SIGNIFICANTLY DIFFERENT FROM THE NEIGHBOURING 
PICTURE ELEMENTS. THUS THE CONTRAST OF THE 
HIGHLIGHT, REPRESENTED BY THE SHADED AREA, 
AGAINST BACKGROUND IS SAID TO BE JUST DETECTABLE. 



The criterion for a discernible difference in 

the brightness of two picture elements given in 

Eqn. 2.5 holds strictly, only for large values of 

Ph., where the approximation 

LP,2- 	9P 2-  = LP 	(say) 
h,21) 

ray be made. 	This condition no longer applies for 

stall vals of Ph,. 	In the analysis on page 31, a 

definite half-tone difference in two picture elements 

has been assessed by using the value of LP (-1,1') 
which corresponds to the fluctuation in the brighter 

picture element, providing a rather stricter criterion 

for definitely discernible brightness differences at 

low light levels, than that given by the equation at 

the foot of page 25. 
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This process of successive subtractions is 

illustrated diagrammatically in Fig.2.2, but may 
be treated analytically as follows. 

From Eqn.(2.5), 

Ph  I 	 ID( h ) 	 kc 'brrr:)h; 

Si Phi 	= 	K, 

SP  Ar-27 

Similarly 

.IMPOMWm 

h  , 
rn. 	

=-= 	 , 
n 

dP 
ATP- 	=== 	hiATT Kc, 

hi GIP 

Yom- K6 fo 
2 ArTh7  
rsa K s, 

= (2.12) Kc  Ni 
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t 

VV17:64, -1 ) 

t 

(h,-2) 

KAAF42)  

4 

KAAP7 

PICTURE ELEMENTS 

THE DIAGRAM ILLUSTRATES THE NUMBER OF DEFINITELY 
DISCERNIBLE HALF-TONES,h„THAT MAY BE PERCEIVED BY A 
PERFECT DETECTOR OF IMAGES, CAPABLE OF STORING UP TO F).  
PHOTONS PER PICTURE ELEMENT. THE NUMBER OF PHOTONS 
OBSERVED IN SUCCESSIVE PICTURE ELEMENTS DIFFER BY Ici2AP 
CONSTITUTING A HALF-TONE DIFFERENCE THAT IS SAID TO BE 
JUST DISCERNIBLE. 

FOR P = 725 AND USING 	& K- 5 , 
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2.6. Minimum detectable contrast and number  

of half—tones, discernible in an image  

after the input photon flux has been  

processed by a real image detector.  

(a) Observation of photons as 'stored events. 

When the P photons -per picture element of a 

primary image are processed by an image detector, 

they are usually converted into static form where 

they may be observed as 'q stored events'. These 

may be developed grains on a photographic plate, 

or electron charges, stored on an insulating target. 

The measurement of q will be subject to an 

error Aq, where Aq is equal to the root mean 

square fluctuation in the number of events observed 

to be stored per picture point. 

(b) Minimum detectable contrast. 

The minimum contrast, C.-min , which may be 

perceived by means of a device, capable of storing 

up to q events per picture element may be calculated 

by the same method as that used to determine the 

minimum detectable contrast, inherently discernible 

in the input photon flux. 	li2.5 (b). 

14c.  a 

  

(2.13) min 
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Kc 
So/No 

(2.14) 

where (Sa/No) is the signal to noise ratio at the 

output. In all real Aetectors, the signal to noise 

ratio present initially in the input photon flux will 

be degraded through processing. The expressions for 

minimum detectable contrast given in Eqns.(2.8) and 

(2.9) therefore lead to the expected conclusion that:— 

c• 	 i 
Le-min 	L-min 
	 (2.15) 

(c) Number of discernible half—tones. 

The maximum number of events which may be stored 

by an image detector is known as its total storage 

capacity, Q. It is also convenient to define an 

elemental storage capacity, namely, the mi_ximum 

number of events which may be stored within a picture 

element. Now if the charge stored in a picture element 

is written as qh, where h represents the number of dis—

tinct half—tones which may be accommodated by this 

quantity of charge, then, using this notation, the 

elemental storage capacity will be represented by 

qho  . ho  represents the maximum number of half—tones 
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which can be discerned in the output signal for a 

particular device, for a specified picture element. ( § 2.3)• 

From the definition of n, given in §2.3, we may 

relate Q and qho  by :— 

Q = 
	

Mho 
	 (2.16) 

ho is associated with a property of the image detector, 

known as its dynamic range, and may be estimated in an 

analogous way to that by which hi  was calculated, i.e. 

by determining the number of successive subtractions of 

	

K, Act 	which may be made from qh. 

Whereas this process was straightforward in the 

case of primary photons, where the mean square fluc—

tuation in the photons was simply related to the total 

number of photons, it cannot be so readily applied to 

the general image detecting device. The calculation 

of the fluctuations encountered in q is discussed in 

detail below in §35.4-5.10 and in appendices A.2, A.3, 

A.4 and A.5. It may 	generRily be expressed in the 

form :— 

	

"2":Fittl 	Ep 	P ) 	 )(2 • 1 7 ) 

where N2  = mean square background noise of the 

detector expressed in terms of an equivalent 

No. of stored static events per picture element. 
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P = mean number of photons being detected per 

picture element. 

A2P = mean square fluctuation in P. 

gP = mean factor by which 17 is multiplied in the 
process of storing the photon flux asi 
static events. 

A2g = mean square fluctuation in gp. 

While Eqn.(2.17) in its general form is cumbersome 

to deal with, there are many image detectors for which 

the constant background noise of the detector predominates, 

and the expression for the mean square fluctuation in 

q reduces to :— 

     

 

Nr2; (2.18) 

This means that the root—mean square fluctuation 

in the number of stored events per picture element is 

a constant and independent of qh. The total number of 

discernible half tones in the output, ho' will there—

fore be given by :— 

~'ta,f(K c . Aci, 	h. 	(2.19) 

,a 

ha (2.20) 
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Bearing in mind that, while this result holds 

for many devices, it is not universally true, the 

author will proceed to use Eqns.(2.12) and (2.20) to 

express a relationship between hi  and ho  in terms of 

a concept which finds considerable application in the 

field of image detection, namely that of equivalent 

quantum efficiency. 

2.7. The equivalent quantum efficiency  

of an image detector.  

The concept of quantum efficiency is much used 

in describing processes involving interactions of 

fundamental particles. Quantum efficiency may be 

defined as the probability that an input quantum 

should produce a secondary output quantum in a specified 

interaction. In the specialised field of photo—electronics, 

the most important direct application of this concept 

occurs in the interaction of primary photons at a photo—

cathode to release free electrons. From the definition, 

it follows that P input photons, falling on a cathode of 

quantum efficiency cr will produce ne  output electrons, 

given by 

(2.21) 
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For a photocathode interaction, where it may 

be assumed that there is zero probability of more 

than one electron being emitted by an incident photon, 

it may be readily shown that the photo—electrons obey 

a Poissonian distribution as do the primary photons. 

(See appendix A.2). Therefore, if Si/Ni  and So/No  

represent the signal to noise ratios in the input 

photon and output electron fluxes respectively, we 

may write :- 

(2.22) 

(2.23) 

These equations, together with Eqn.(2.21), enable 

us to write as an expression for quantum efficiency 

f  M. 12  
Si/N; j 

(2.24) 

This indicates that the quantum efficiencyYr 

may be regarded as representing the factor by which the 

signal to noise ratio, inherent in the input photon flux, 

is degraded through the interaction occurring at the 

photocathode. Hence Rose(147, 148), Fellget (52,53)  

and Jones' 8) evolved a concept of 'equivalent quantum 

efficiency', which could be applied to a general image 
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detector, where the complete processing of the 

primary photoelectrons involved many more stages 

than the single interaction for which quantum 

efficiency,Cr, was originally defined. (see Eqn.(2.21)). 

The equivalent quantum efficiency, E, of a complex 

image detector, in which the complete processing of 

an input photon flux of inherent signal to noise ratio 

S./N., gives rise to an output with a signal to noise 

ratio of So/No' is defined by an equation analogous 

to Eqn.(2.24) : 

r 2-  so / 1,40 1 (2.25) 
I Si / 

Equations (2.22) and (2.25) show that E may be 

regarded as the reciprocal of the factor by which it 

is necessary to increase an input photon flux which 

could produce a signal to noise ratio of Si/Ni  in 

the output of a perfect detector, in order to produce 

the same signal to noise ratio in the output of the 

given detector. 

Now it will be shown below ( § 5.8) that the 

signal to noise ratio in the output of a complex image 

detector such as a television camera is strongly 

dependent on the conditions under which the device 
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is operated. In applications where it is not 

necessary to operate the device under conditions 

chosen for compatibility with some external system, 

e.g. a broadcasting network, various operating para—

meters maybe adjusted to optimize the signal to noise 

ratio in the output, and so enable the maximum equiva—

lent quantum efficiency to be realised. However, even 

when operating under ideal conditions, a. unique value 

for equivalent quantum efficiency E cannot be assigned 

to any image detecting device, since E will always be 

dependent on the spatial frequency of the image being 

detected. If a single figure is quoted as the value 

of the quantum efficiency of a device, this will usually 

refer to the value Eo' corresponding to a low spatial 

frequency, where the efficiency is at a maximum. To 

compute the value of quantum efficiency at some definite 

spatial frequency, m television lines say, it is 

necessary to know, in addition to Bo, the ordinate of 

the modulation transfer characteristic, Mm, and the 

noise spectrum of the detector. If the noise is 

uniformly distributed throughout the power spectrum, 

it is said to be 'white'. For devices subject to 

white noise, it follows from the definition of modulation 

(Eqn.2.2) that the signal, and also the signal to noise 
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ratio in a region of spatial frequency m, will be 

reduced by a factor Mm  to that received in a similarly 

illuminated region of low spatial frequency. Hence, 

using Eqn.(2.25) we may write the following relationship 

= Mr» E 0 	 (2.26) 

2.8. Relationship between image information  
recording efficiency, F, resolution, m,  

and equivalent quantum efficiency, E, of  

a device.  

The following relationships have been established 

above. 

(2.1) 

(2.3) 

(2.12) 

(2.20) 

(2.25) 

These equations enable us to write :— 

h. 

ATE- 	(2.27) 

-L' Are7=-- 	Ar  /7) 	 (2.28). 
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Taking into account the dependence of E on spatial 

frequency Eqn.(2.26), we may write thefollowing 

expression for F, for a device in which the noise 

spectrum is white :— 

F= 	A, (2.29) 

For all image detectors, Mm  decreases towards 

zero with increasing m, and F will therefore adopt a 

maximum value at some dEfinite spatial frequency m. 

While it would be interesting to calculate Fmax  for 

all the devices considered in the reviews of image 

detecting techniques, following in Chapters 4 and 6, 

this has not always been possible, since essential 

data in the form of modulation transfer characteristics 

is not readily available for some image detectors. 

The prevailing practice in the field of image inten—

sifiers remains to specify the tube properties in terms 

of single figure parameters such as maximum quantum 

efficiency and limiting resolution. 
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CHAPTER 3  

THE DETECTION OF LOW CONTRAST IMAGES 

3.1. Minimum detectable contrast.  

Having discussed the properties which may be 

used to specify the performance of an image detector, 

we may now consider how a knowledge of these parameters 

enables an assessment to be made of the ability with 

which a device may detect low contrast images. 

It was shown above (Eqns.(2.8), (2.10)),that 

the minimum detectable contrast that can be perceived 

with a perfect detector, used to make observations of 

an image for which the average photon flux per picture 

element is T, is given by :- 

i  C min = 
Kc  

(Si/Ni) (3.1) 

 

K 
(3.2) 

triT 

The minimum contrast that can actually be 

perceived by a real detector was given in Eqn.(2.14) as:- 

Kc  Cano  
- ZSo  /No  ) (3.3) 

From Eqns.(3.1) and (3.3), it can be seen that Cm 

and Olin  may be related by:- 



44. 

= Genii  n (4171,N:‘, ) (3.4) Ca 

Min 

From the definition of equivalent quantum 

efficiency, expressed above by Eqn.(2.25), we may 

write :— 

nit%  n* (3.5) 

Using Eqn.(3.2), this may be expressed as:— 

= 	iirsq min 	(3.6) 

3.2. The contrast of faint stars against  
sky background. 

A problem of low contrast image detection of 

particular interest is the p.erception of faint stars 

with a terrestial telescope. The presence of the 

atmosphere presents two main difficulties to ground 

based astronomers. These arise from turbulence and 

from sky background. 

Atmospheric turbulence sets a minimum to the 

angular subtense of a star, viewed by an earth—bound 

observer. Under good seeing conditions, this angle 

is one second of arc, which corresponds to an image 

diameter of 0.1 mm. at the prime focus of the Palomar 

200 inch telescope. This is well outside the optical 
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resolving limit of the telescope, and it is convenient 

to use this area to define a picture element when con—

sidering the use of the telescope in conjunction with 

an image detecting system(9' 10, 114). 

Around the star exists a uniform sky background 

against which the star image must be detected. The 

intensity of this background is such that the light 

from the sky, falling on a picture element (i.e. an 

area equal to that occupied by a star image in good 

seeing conditions) is equivalent to the light that 

would be received from a 22nd magnitude star(q-' 10 114) 

The description of the visual brightness of a 

star in terms of stellar magnitude is based on a 

standard introduced by Pogson(139).  An increase in 

stellar magnitude of unity corresponds to a reduction 

in stellar intensity.by a definite factor, r, say. 

Thus, if IN  represents the intensity of a star of 

magnitude N, 

IN+1 = 
IN 

IN+M = r 112 . . 	IN 	
(3.7) 

A decrease in brightness by a factor of 100 is 

taken to correspond to an increase in stellar magnitude 
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of 5. Therefore, from Eqn. (3.7), it can be seen 

that r will be given by:- 

1 	_ 
100 - r5  

r = 10 -1 	(3.8) 

Eqn.(3.7) may now be written as 

IN+M 10 5 m 
	

(3.9) 

IN+M2 u  
•  log10 IN  = — Au 

. . M = 2.5 logio6Ni 	(3.10) 

Eqn.(3.10) gives the magnitude of a star of 

intensity 	relative to a star of intensity IN. 

The figure quoted in isolation as the magnitude of a 

star is itsmagnitude, relative to a bright star chosen 

to provide a reference. Aldebaran with magnitude unity 

is a commonly accepted reference star, but Vega as a 

zero magnitude reference star gives an almost identical 

standard. Thus, if the intensity of Vega is Io, Eqns. 

(3.9) and (3.10) may be written as 

2 
—7 M 

IM  = Io  10 ' (3.11) 
I0  

M = 2.5 logior 

 

(3.12) 

   

where M is the figure that would be quoted as the 
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stellar magnitude of a star of intensity IM. 

If sky background corresponds to a 22nd 

magnitude star, it will follow from the definition 

of contrast given by Eqn.(2.6) that the contrast 

CM of a star of magnitude M against sky background 

will be:- 
1M 
I
22 

Io 	IM  
I22 ' Io 

log C11  = log ' - log r
Io i 

22 

• • From Eqn.(3.12) 

log Cm- 22  
2.5 = 	211.15 

• • 	= 22 - 2.5.log CM 	(3.13) 

3.3. The magnitude of the faintest  

detectable star.  

Using Eqn.(3.6) minimum detectable contrast 

oo in may be plotted as a function of the number of 'm 
observed quanta, for various values of equivalent 

quantum efficiency, E. (see Fig.3.1). Using Eqn.(3.13), 

magnitudes of definitely discernible stars may be asso-

ciated with values of minimum detectable contrast plotted 



FIG. 3.1 MINIMUM DETECTABLE CONTRAST 	AND MAGNITUDE M OF FAINTEST 
DETECTABLE STARS PLOTTED AS A FUNCTION OF NUMBER OF OBSERVED 
QUANTA FOR DETECTORS OF VARIOUS EQUIVALENT QUANTUM EFFICIENCIES E 
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along the ordinates. If the observed quanta, plotted 

along the abscissae are considered to be the input 

photons, then the parameter, E, associated with each 

curve represents the overall equivalent quantum effi—

ciency of the device, but the observed quanta may be 

identified with the electrons emitted from the photo—

cathode, when E may be interpreted as the photo—electron 

recording efficiency of the device. 

From the curves in Fig.3.1, it would appear that 

a star of indefinitely high magnitude could be perceived, 

even with a relatively inefficient detector, provided 

that enough input quanta may be observed. In practice, 

there is a limit to the number of quanta which may be 

assimilated by an image detector in a single exposure 

which is set by the mechanics of the device. This limit, 

known as the storage capacity of the detector, was defined 

above in §2.6(c). For example, Baum(19)  estimates that 

sensitive photographic plates like Eastman Kodak 103—a-0 

may be exposed to the night sky at the prime focus of 

the 200" Palomar telescope for a maximum useful time of 

half an hour, when the storage capacity of the plate of 

5 x 10
6 grains per cm. sets a limit of 23.5 to 24 for 

the magnitude of just detectable stars. 
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3.4. The importance of the storage capacity 

of a detector of low contrast images.  

In the previous chapter, a figure of merit for 

an image detector was derived, in which the maximum 

number of events which may be stored by a device was 

considered only as a ratio to the number of input 

photons Ois. 2.3, 2.5(c), 2.6(c)). The above discussion 

on limiting detectable magnitude would suggest,however, 

that the storage capacity of a device is an important 

parameter, deserving independent consideration in 

assessing a figure of merit for a low contrast image 

detector since, even if a device is very inefficient 

in its use of input photons, provided its storage capa—

city is adequate, a long exposure will enable more infor—

mation to be rendered about a low contrast image than 

would be yielded by a more efficient but less capacious 

device. This conclusion would be valid, only if a single 

exposure represented an absolute limit to the information 

that a device may acquire about the object under examina—

tion. This, of course, is the case when moving objects 

are being observed, but in scientific applications 

involving the examination of static images, it is 

usually possible to superimpose the information contained 

in successive frames. This may be done by transferring 
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the data stored in successive frames of a detector 

exposed to full capacity to a suitable secondary store 

of indefinitely large capacity, where the accumulated 

data may be integrated. 

Whilepin principle, this procedure is always 

feasible, some devices are much more amenable to this 

practice than others. Fnr example, if an image were 

stored on a series of photographic plates, exposed to 

optimum density, (see below §4.1), the data frot the 

films could be analysed by means of a suitable scanning 

micro—densitometer(35) and the densities measured at 

corresponding picture elements added up. While a serious 

effort to push to the limit the information that can be 

obtained photographically about low contrast images 

could involve adopting such an arduous procedure, the 

work involved may tend to prove prohibitive. On the 

other hand, the electrical output from a telemetric 

device may either be recorded on tape, which acts as 

a secondary store(6' 20), or may be fed directly to the 

store of a suitably programmed computer(1°). 
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CHAPTER 4  

COMPARISON. OF DETECTORS EMPLOYING PHOTOGRAPHIC OR 

NUCLEAR EMULSIONS AS A STORAGE MEDIUM.  

Although this thesis is principally concerned 

with the application of charge storage to the observation 

of faint optical images, a brief review of photographic 

image detectors is included here, for while telemetric 

devices are by far the most advantageous instruments to 

use in space research, in the field of ground based 

astronomy, tblemetry and photography closely compete. 

4.1. Direct Photography. 

The oldest way of overcoming the limited integra—

tion time of the unaided eye is the well established 

method of direct photography. A difficulty in exploiting 

a photographic plate to the full in the detection of 

faint images, lies in the fact that the exposure time, 

necessary to make best use of the storage capacity of 

the plate, conflicts with the exposure for which the 

quantum efficiency is highest. This arises from the 

fact that as the exposure of a plate is increased, 

enabling more information to be stored in the form of 

photographic grains, the overlapping of the developed 

grains causes a drop in equivalent quantum efficiency. 
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Thus, exposing plates, until further exposure does 

not result in the appearance of any new star image 

represents a use of the photographic plate which fully 

exploits its storage capacity, but does not correspond 

to the highest achievable equivalent quantum efficiency. 

For this reason, a figure for the equivalent quantum 

efficiency of photographic emulsions of 0.1 per cent, 

which used to be favoured by early workers(77),based 

on observations of plates exposed to full storage 

capacity, was perhaps rather low. 

Felgett(52) and Jones(78) have independently 

calculated the equivalent quantum efficiencies of four 

types of plate over a range of exposures from data 

supplied by the Eastman Kodak Company, and their results 

are in good agreement. The four films considered were 

Eastman Kodak Royal—K, Plus—I, Tri—X, and Pan—I, (full 

names are given in Fig.4.1), and of these, both workers 

estimate that Kodak Royal—K Pan film has the highest 

quantum efficiency of 0.9%, when exposed to a density of 

0.1 above fog at 430 mp. For each of the emulsions, 

Felgett(52) gives curves of the equivalent quantum 

efficiency, and of the equivalent number of stored 

photons as a function of exposure which clearly indicate 
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FIG. 4.1 IMAGE INFORMATION RECORDING 
EFFICIENCY, PLOTTED AS A FUNCTION OF 
IMAGE DETAIL, FOR FOUR PHOTOGRAPHIC 
EMULSIONS 
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that maximum storage occurs when the equivalent 

quantum efficiency has dropped well below its peak. 

This would suggest that in order to derive the maximum 

information from a limited photon flux, photographically, 

it is better to make a series of exposures up to maximum 

quantum efficiency, rather than to fully utilize the 

available storage on a plate in a single exposure. The 

data from the films used in the series of exposures 

could be analysed and superimposed by the method des—

cribed above ( § 3.4). However, not only is the integ—

ration of a series of photographic exposures an arduous 

procedure, but the interpretation of the results is made 

more difficult by the fact that the transfer characteristics 

of a photographic plate are non—linear. 

A further disadvantage of the photographic process 

which limits its usefulness in the detection of faint 

images, lies in the fact that it is subject to a defect, 

known as long exposure reciprocity failure, that is, at 

low light levels, a reduction of light intensity must be 

accompanied by a disproportionately longer exposure time, 

in order to produce the same number of developable grains. 

This represents a reduction in the equivalent quantum 

efficiency at low light levels. 
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For photographic emulsions which obey Selwyn's 

law of granularity, the noise will be 'white', and the 

information recording efficiency of photographic 

emulsions as a function of image detail may therefore 

be calculated by direct application of Eqn.(2.29). The 

results of such calculations for four photographic emul—

sions are illustrated graphically in Fig.4.1. The values 

of equivalent quantum efficiency, determined by Felgett(52), 

were used in conjunction with modulation transfer charac—

teristic data, supplied by Kbdak(43). The high resolution 

capabilities of photographic films enable very high image 

information recording efficiencies to be realised, even 

though the equivalent quantum efficiencies are relatively 

low. The data available enabled calculations to be made, 

up to definitions of just beyond 100 line pairs per mm., 

that is, before the image information recording efficien—

cies of the emulsions considered had adopted maxima. The 

abscissa in Fig.4.1 is labelled in terms of equivalent 

T.V. lines for 35 mm. film to facilitate direct comparison 

between films, and the television and storage tube type 

devices, considered below (Figs.6.10, 11.2 ). 

In using Fig.4.1 and the similar curves, given 

below, to compare detectors considered for astronomical 
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observations, it must b© borne in mind that if a 35 mm. 

photographic film is placed at the prime focus of a 

large telescope, e.g. the Palomar 200 inch reflector, 

seeing will limit the useful definition to 270 equiva—

lent T.V. lines, and for observations on faint stars, 

reciprocity failure will depress the value of image 

information recording efficiency given in Fig.4.1, 

derived from data for films used at optimum light 

levels. 

4.2. Image Tube Photography.  

(a)Advantages to be derived from the photo—emissive  

effect.  

Many of the shortcomings of direct photography 

may be overcome by suitably exploiting the photo—

emissive effect to achieve an improvement in the effi—

ciency of detection of faint optical images. The prin—

ciple advantages of this photo—electric effect over 

photography are as follows. 

(i) Photocathodes have high quantum efficiencies 

which may surpass even the most sensitive 

emulsions by more than an order of magnitude(169 ,174). 

(ii) The photo—emissive effect is linear with light 

intensity. 
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(iii) It is not subject to reciprocity failure. 

(iv) Various photocathodes may be selected for 

use over a much broader spectral range than 

can be covered by photography. 

(b) Single stage image intensifier with phosphor  

output.  

(i) Essential features of a single stage intensifier  

In this type of device, a faint image, focused 

on to the photocathode liberates photo—electrons which 

are in turn, electron optically focused on to a phosphor 

screen, included within the same evacuated envelope. 

Such a tube may achieve a light gain at the phosphor 

of the order of 100(117), and these photons may be 

used to produce a permanent record on a photographic 

plate. There are two ways in which this may be accom—

plished, but each method involves a serious loss in 

information. 

(ii) Photographic recording of the tube output  

with transfer optics.  

The use of conventional transfer optics pre— 

serves the resolution of which the tube is capable, 

(see appendix A.1) but is accompanied by a light loss of 

at least a factor of 10. The overall light gain of the 
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system is thus less than an order of magnitude. This 

low gain, together with the accompanying statistical 

degradation of picture quality, produced through the 

photon and electron interactions involved in the inten—

sifying process, mean that the device is of very 

limited use. 

(iii) Contact photographic recording of tube  

output.  

The light loss introduced by transfer optics may 

be avoided at the expense of image definition, by con—

structing a tube in which the phosphor screen is 

deposited on to a suitably mounted 12-15 lam. mica end 

,,192) window(115119 	This is sufficiently thin to 

enable a contact print to be made by pressing a photo— 

graphic film on to the end window. While this method 

of contact recording enables the full light gain of 

100 to be realised, it is accompanied by a loss in 

image detail, and the limiting resolution which has 

actually been recorded with such a device is only 19 

line—pairs per mm.(119) 

(c) Multistage image intensifiers. 

(i) Essential features of multistage intensifiers. 

In order to ensure that each electron emitted from 
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a photocathode may be recorded photoe-raphically, 

is made of multistage intensifiers. A multistage 

intensifier basical:i,7 consists of a photocathode, 

followed by a series of multiplying membrances and an 

output phosphor. Electrons from the photocathode are 

accelerated and focused on to the first multiplying 

membrane where a larger number of daughter electrons 

are generated. These are focused in turn upon the 

second multiplying membrane with further electron 

gain. This is repeated at each stage and electrons 

from the final membrane are focused on to the output 

phosphor, producing an intensified image which may be 

photographed in the normal way. 

There are two types of multiplying layer which 

may be exploited in this way in high gain intensifiers. 

The multiplying membrane may be a dynode, consisting 

of a thin layer of suitably supported secondary 

emitting material which enables the incident electrons 

to be multiplied by transmission secondary emission(98/135) 

(T.S.E.) or, alternatively, multiplication is achieved 

by using a membrane, consisting of a phosphor and a 

photocathode, formed on opposite sides of a thin 

transparent sheet of glass or mica, about 5 microns thick. 
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The photons emitted from the phosphor by the action 

of focused primary electrons generate photo—electrons 

from the part of the photocathode in the immediate 

proximity of the incident primaries(138).  This latter 

type of tube is known as the cascade image intensifier. 

Both T.S.E. and cascade image intensifiers have 

been developed at Imperial College by groups led by 

Dr. Wilcock*and Professor McGee. 

(ii) T.S.E. Image Intensifiers.  

Workers at the Westinghouse research laboratories 

reported image intensifiers of the T.S.E. type, in which 

aluminium backed potassium chloride dynodes were supported 

on nickel meshes(178). The Imperial College team avoided 

the disadvantages arising from the use of meshes, by 

using aluminium oxide films, 500 R thick, to support 
the layers. The layers were prepared by evaporating 

aluminium and potassium chloride on to the alumina 

support(190). T.S.E. intensifiers of this type have 

been improved in England by 20th Century Electronics(46)  

and by the English Electric Valve Co.(8,166,167),  and in 

America, by Westinghouse(179) 

*Now Professor of Physics at the University of North Wales. 
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T.S.E. tubes are run with interstage voltages 

of 4 to 5 kV., enabling mean electron gains of 5 to 

6 per stage to be achieved. Because of the relatively 

low stage gain, it is necessary to use five stages 

of multiplication to efficiently record individual 

photo—electrons, and such tubes may have a light gain 

of up to 106 and achieve a resolution of up to 30 line 

pairs per mm. 

The statistics of the secondary emission 

processes have been shown to be exponentia1(45)  

This, together with the low stage gain, results in 

the device possessing an equivalent quantum efficiency, 

which corresponds to a significant reduction of the 

photocathode efficiency. Workers who have used this 

type of tube for photographing Cerenkov radiation 

have reported a 30% photo—electron recording efficiency(18). 

Mandel(105)  has shown theoreticrally the impor— 

tance of a high stage gain in order for the equivalent 

quantum efficiency of an intensifier to approach the 

responsive quantum efficiency of the photocathode. 

It therefore appeared that the discovery by Goetze(59)  

of a method by which a spongy potassium chloride 

layer could be fabricated and used to achieve a 



63. 

secondary emission gain of 50 to 100, would enable 

a T.S.E. image intensifier of high equivalent quantum 

efficiency to be constructed. Problems associated 

with layer charging arise with this type of dynode, 

however, and it is necessary to include auxiliary 

stabilising meshes into tubes, incorporating spongy 

potassium chloride dynodes(59  '61). While a two—stage 

device of this type has been described by Goetze(59) 1 

no multistage spongy layer intensifier has yet been 

reported. An alternative method of exploiting the 

high gain associated with low density potassium 

chloride layers is dealt with below, in the main part 

of this thesis. 

(iii) Cascade Image Intensifiers.  

This type of tube exhibits the high stage gain 

necessary for good multiplying statistics, and has been 

made in various forms by a number of workers(26,51,58,124, 

131,142,170,191) 	Multiplications of 100 per stage have 

been achieved with tubes incorporating cascade screens, 

consisting of 4 µm micas with an S9 cathode on one side 

and a P11 phosphor on the other, this cathode—phosphor 

combination constituting a good spectral match. Three—

stage tubes have been made with a blue light gain of 106, 
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and with a limiting resolution of 35 line pairs per 

mm., when run at an overall operating voltage of 45 kV., 

and using two loop magnetic focusing(124).  Improved 

resolutions may be achieved at the expense of gain by 

using finer grain phosphors(124).  The photo—electron 

recording efficiency has been estimated to lie between 

70 and 800124). 

From these considerations of high gain, multi—

stage intensifiers, it can be seen that the cascade tube, 

particularly, is able to effect a considerable improve— 

ment in the efficiency with which faint images may be 

photographed. However, a single photographic plate, 

used to store the output information from a tube, has 

only a limited capacity. The emulsion will thus become 

saturated for a fairly modest primary photon flux at 

the intensifier input. Application of multi—stage 

intensifiers to the problem of low contrast detection 

would thus require a series of exposures to be made to 

the light source under observation. The plates would 

then need to be analysed by the laborious method of 

micro—densitometry discussed above ( 	to integrate 

the information stored in successive frames. 
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4.3. ElectronograTihy. 

Some of the problems associated with image 

intensifiers with a phosphor output can be avoided 

if the intensifier is designed in such a way that the 

phosphor screen may be replaced by an emulsion, capable 

of directly recording the photo—electrons emitted from 

the cathode of the device. This modus operandi is 

known as electronography and has the following advan—

tages over conventional photography. 

Each photo—electron, incident on the emulsion 

with an energy eabout 30 keV may render several silver 

grains developable(42), enabling each photo—electron to 

be recorded with a high degree of certainty. Since, 

also, the fog level in electronographic emulsions is 

low, compared with optical emulsions, the equivalent 

quantum efficiency of electronographic devices may 

approach the responsive quantum efficiency of the 

photocathode. 

Electronographic emulsions exhibit a linear 

response, and are not subject to reciprocity failure(91)  

A further important property of electronographic 

emulsions is that their storage capacities are much 

higher than the capacities realised by photographic 
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emulsions, e.g. Ilford G5 electron sensitive emulsion 

has an effective storage capacity twelve times better 

than Kodak 103a-0(84). Thus, the minimum perceptible 

contrast that may be recorded in a single frame elec—

tronographically is much lower than that which could 

be obtained with a single photographic exposure. 

The electronographic recording technique was 

pioneered by Lallemand(89-93). A major problem 

experienced in exploiting electronography lies in the 

incompatibility of photocathodes and emulsions, exist—

ing in a common vacuum compartment. In spite of many 

ingenious precautions which Lallemand has incorporated 

into the design of his camera, he has only succeeded 

in extending the life of the photocathode which has to 

be periodically replaced. 

Various modifications to this type of tube have 

been investigated, in which the photocathode and the 

emulsion are iodated in separate chambers(71'72'86)  

These have enabled the life of a photocathode to be 

extended from a few hours to periods of the order of 

a month. 

McGee has suggested a device for electronographic 

image recording known as the Spectracon, which enables 
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the photocathode to be preserved indefinitely. It 

has been developed to its present form by a team, 

working under Professor McGee in the Applied Physics 

section of Imperial College(84 ,120,125,188). 

Electrons from the photocathode of the Spectracon 

are accelerated through 40 kV, and focused on to a mica 

window, which may be only 4 wm thick, but is so mounted, 

that it is mechanically strong enough to withstand 

atmospheric pressure. The energetic electrons are able 

to penetrate the mica to be recorded on a nuclear 

emulsion, pressed in contact with the mica. The 

cathode is thus isolated in a sealed—off chamber 

under high vacuum, while the nuclear emulsion remains 

in the atmosphere where it may be conveniently mani—

pulated. 

The equivalent quantum efficiency of the device 

has been measured to be 60% of the photocathode effi— 

ciency and the resolution obtained has been better 

than 80 line pairs per mm.(85) 

4.4. Conclusions. 

In spite of the relatively low equivalent 

quantum efficiencies of photographic emulsions, the 

high resolution that can be achieved by direct photography 
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makes this a very efficient method of recording 

information from optical images. Image intensifiers 

and electronographic devices have enabled the equiva— 

lent quantum efficiency of image recording on photo— 

graphic emulsions to approach the fairly high responsive 

quantum efficiency of photo—emissive cathodes, but at 

the expense of some resolution. The high quantum 

efficiency and the freedom from reciprocity failure 

of the photo—emissive effect has made image intensifier 

photography a powerful method for observing faint images, 

but the moderate storage capacity of photographic emul— 

sions limits the contrast that can be observed in a 

single exposure. The improved storage capacity of 

nuclear emulsions makes electronographic devices more 

suitable as detectors of faint low contrast images, 

the magnitude of stars which may just be observed 

against sky background with a single exposure being 

about 25(85), compared with 23.5 for direct photography(9). 

The effective capacity of optical or nuclear films can 

be increased by superimposing successive exposures. The 

use of an emulsion as a storage medium represents a 

defect in the detecting system, since further process— 

ing of the film is necessary for superimposition of 
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photographic information, and for transmission of 

the data from an inaccessible source. This further 

processing can be a cumbersome procedure, and an 

image detecting device which could provide an output 

in the versatile form of an electrical signal, while 

matching the performance of image intensifiers and 

electronographic cameras in quantum efficiency, integ—

ration time, and resolution, would indeed be an 

extremely valuable detector of faint low—contrast 

images. 
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CHAPTER 5  

IMAGE DETECTION BY CHARGE STORAGE.  

5.1. Essential features of charge storage  

camera tubes. 

Image detection by charge storage consists 

essentially of exposing a device, called a charge 

storage camera tube, to an optical image, which the 

device converts into a charge pattern, retained on 

an insulating surface. The information contained 

in this charge image is extracted by a reading 

process, in which the charge pattern is scanned with 

an electron beam. This restores the surface to a 

uniform potential and at the same time, enables an 

electrical signal, called a video signal, to be 

generated. This video signal conveys in a coded 

form the required information, and is amplified by 

means of a suitably designed head amplifier, or by 

an electron—multiplier, built within the camera tube 

envelope. It may be further processed to simulate the 

original light image as a display on a monitor. 

Alternatively, the video signal may be displayed on 

an oscilloscope for measurement purposes, stored on a 

tape, or fed to a computer. 
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While this general description embraces all 

charge storage camera tubes, there are many methods 

of converting the optical image into a stored charge 

image, and of converting the stored image into a 

video signal. In this chapter, the various methods 

of generating a video signal from a charge storage 

camera tube will be discussed. This will be followed 

in Chapter 6 by a review of existing charge storage 

tubes, and their effectiveness as detectors of faint 

low contrast images will be considered. 

5.2. Scanning modes which may be used 

in the generation of video signals  

from stored charge images. 

(a) Scanning with, a high velocity electron beam. 

Early television cameras,,the Rmitron (ieonoscope) 

and Super R*itron (image iconoscope)— (see below § 6.1) 

used a high velocity scanning beam to generate a video 

signal as it discharged the camera target to a fixed 

datum level, (the potential of the nearest positive 

electrode) between each frame. This process is called 

anode potential stabilisation. A fuller description 

of the mechanisms involved in signal generation by this 

method is not included here, but several detailed 
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accounts of the complex processes occurring as a 

camera target is scanned with a high velocity electron 

beam are available in the literature(4'159'195)  

Spurious signals arising from so—called redistribution 

electrons are superimposed on the useful signal. 

Devices employing high velocity scanning beams are 

thus unsuitable for making scientific measurements 

unless special precautions are taken. The use of a 

barrier grid(86), or the technique of pulse—biassing 

the storage surface(67'172) can minimise these spur—

ious signals by preventing the return of redistribution 

electrons to the target. 

(b) Scanning with a low velocity electron beam. 

The practice used in most modern television 

camera tubes is to scan the target orthogonally with 

low velocity electrons. These arrive at the target 

with insufficient energy to produce appreciable secon—

dary emission, and are able to land on positive areas 

of the target, until these regions become charged to 

approximately the same potential as the cathode of 

origin of the scanning electrons. Further scanning 

electrons will then be repelled from the target. This 

process is known as cathode potential stabilisation. 
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In practice, targets operated under co—called 

cathode potential stabilisation conditions, become 

effectively stabilised at a slightly lower potential 

because the scanning electrons are emitted from the 

cathode with thermal energies, additional to the 

potential energy, represented by the gun cathode 

voltage. 

Although the low velocity electrons prove more 

difficult to focus than the high velocity beams used 

in early television cameras, there are no redistribution 

effects and associated spurious signals, accompanying 

low velocity read out. The output signal can thus be 

used for scientific measurements, or to generate high 

quality pictures. 

In order to derive the best results, it is 

important that the electrostatic capacity of the target 

of the camera should be optimized. In general, the 

more the charge that can be stored on the target, prior 

to scanning, the greater will be the information trans—

mitted in the signal. However, there are upper limits 

to the voltage excursions that can be tolerated on a 

target, scanned by a low velocity electron beam. 
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The potential of the tpxget meat not ho tJ.2lowed to 

exceed the first cross—over potential, i.e. the 

potential above which the secondary emission coeffi— 

cient exceeds unity. Otherwise, the operating con— 

ditions will revert from cathode to anode potential 

stabilization, with the strong possibility of damaging 

the target. However, an undesirable effect, known as 

beam pulling can occur at target potentials, well 

below the first cross—over point. This is an effect, 

by which slow scanning electrons are constrained by 

transverse fields, existing across the charged layer, 

to dwell for a disproportionate time on areas charged 

to too high a positive potential, and it gives rise to 

a distorted output picture in which the white areas 

appear very large. The potential excursions that can 

be permitted on the target before this effect becomes 

objectionable will depend on parameters such as scann— 

ing speed and the electric field, normal to the target. 

A typical figure is 4 volts(123). A charge which raises 

the target potential to a level just below the potential 

at which appreciable beam pulling occurs, corresponds to 

what is known as a peak white signal. In order to store 

an adequate charge on the target and also avoid undesirable 

beam pulling effects, it is necessary to have a large 

target capacity. 
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Another factor, however, which must be con—

sidered in deciding the best value for target capacity 

is the importance of avoiding discharge lag, i.e. the 

inability of the scanning beam to neutralize all the 

stored picture charge in a single frame. Discharge 

lag may be minimized by the use of a low capacity 

target, by application of target bias, or by scanning 

the target with a low temperature beam°26) Target 

bias may not always be conveniently applied, and beam 

acceptance curves, measured for targets, scanned with 

electrons originating from both thermionic(126064) 

and photo—emissive(83)  cathodes show that in either 

case, the minimum scanning beam temperature that can 

be realised in practical devices is about 1000°K. 

Discharge lag in cathode potential stabilized tubes 

is therefore usually avoided by arranging as far as 

possible for the target capacity to be sufficiently 

small, that a stored charge, corresponding to a peak 

white signal, may be reduced in a single exposure to 

the scanning beam, to a charge, commensurate with the 

noise level. 

c. Other potentials at which camera tube 

targets may be stabilized. 

For the sake of completeness, it should be 

mentioned that there are two other potentials at which 
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a camera tube target may be stabilised by the uctinn 

of the scanning beam. 

A target may be stabilised at the second cross— 

over potential when scanned by energetic electrons, 

provided that the electrode in closest proximity to 

the target is held at a more positive voltage than 

the second cross•-over potential. This mode of opera— 

tion corresponds to poor beam acceptance, and to the 

best of the author's knowledge, no practical device 

has been made to operate under these conditions. 

It is also possible to stabilise the targets 

of devices whose sensitivity is dependent on the 

voltage gradient maintained across the target at a 

potential, close to that of the signal plate on to 

which the target is deposited. This phenomenon arises 

from the fact that the current, flowing to the target 

from the scanning beam may balance the current created 

by the optical image when the target surface potential 

lies near the signal plate potential. The mechanism 

is described in detail by de Haan et al (32). This 

made of target potential stabilisation is encountered 

as an undesirable state in a tube, intended to operate 

under conditions of cathode potential stabilisation, and 

is not exploited in practical cameras. 
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5.3. Factors effecting the resolution 

that may be realised in a charge 

storage tube. 

a. Light optics. 

Lenses can be made to achieve limiting definitions 

far better than can be realised by any television camera 

but, if there is a serious limitation in the available 

light, it may be necessary to increase the lens aper—

ture until this component begins to contribute signi—

ficantly to the loss in definition of the system. In 

the immediately post—war period of commercial television, 

high aperture lenses, available for use with television 

cameras, had been found to cause a significant drop in 

signal amplitude at spatial frequencies as low as 15 to 

20 line pairs per mm. Such lenses thus represented 

components which limited the definition attainable 

with television cameras(158) 

b. Electron o tics of the image section. 

Many television cameras use an image section 

in which primary photoelectrons are accelerated and 

focused on to a target where the stored charge image 

is created. In calculating the loss in definition, 

due to imperfections in the electron optics of an 

electrosta 
	

imaging system, account must be taken 



78. 
of the five Siedel aberrations, as well as of 

chromatic aberration (i.e. the aberration arising 

from the spread of energies with which electrons 

are released from the photocathode). However, it 

is usually practicable to electromagnetically focus 

the image section, when the only aberrations which 

need to be considered are chromatic aberration and 

spherical aberration, (i.e. the aber::,;,tion arising 

from the different directions in which electrons may 

be liberated from the photocathode). 

The literature contains various treatments 

of the problem of calculating the size of the disc 

of confusion, produced in systems, in which electrons 

emitted from a point on the photocathode are focused 

by superimposed uniform electrostatic and magnetic 

fields. De Vore(36) has calculated the electron 

distribution occurring in a plane corresponding to 

the best focus for electrons emitted from the photo—

cathode with zero axial energy. An empirical law 

was used to give the energy distribution of the photo—

electrons which were assumed to be emitted in a 

Lambertian fashion. The focal plane for which De Vore 

made his calculations does not correspond to the 
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smallest disc of confusion and Beurle et al06) have 

calculated the minimum mean square radial aberration. 

This minimum is realised at a plane just beyond that 

Where electrons of zero axial energy come to a focus. 

Beurle also assumed Lambertian emission, but based his 

calculations on mono—energetic photoelectrons. Beurie 

et al(16) made a similar calculation for the focusing 

of secondary electrons, where a Maxwellian distribution 

was assumed for emission velocities. Papp(136) has 

also made a similar calculation of the minimum mean 

square radial aberration, assuming Maxwellian velocity 

distributions of emitted electrons in both axial and 

radial directions. 

A more detailed investigation into the problem 

has been made by the author, who has programmed a 

computer to calculate the distribution of electrons, 

emitted from a point in a photocathode, at any plane, 

in a system employing uniform electrostatic and mag—

netic focusing fields. Any electron velocity distri—

bution may be accommodated by including appropriate 

data cards in the deck. In the programmes run, the 

angular distribution used was Lambertian(75) but the 

programme could be easily modified to accommodate any 

other angular distribution of photoelectrons. 
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An account of the calculations used in devising 

this programme, together with examples of electron dis—

tributions derived, is given in Appendix A.1. The 

parameters used correspond to the design of a camera 

image section, described below. ( §7.2). The photo—

electron energy distribution used to obtain these results 

was based on measurements made by Shalabutov et al(i62)  

on electrons emitted from an antimony—caesium cathode, 

illuminated with light, of wavelength, 456 mt.t.. 

The results obtained show that for the parameters 

considered, it is theoretically possible to obtain 

resolutions of the order 250 line pairs per mm. 

An additional factor which should be taken 

into account in considering the resolution attainable 

in the image section of the camera is cross—talk(54'97)  

the effect by which scanning fields in the gun section 

may leak into the image section, so influencing the 

motion of the primary photoelectrons. The importance 

of this will depend on the energy of the primary 

photoelectrons as they come under the influence of these 

fields. An account of a practical investigation of the 

importance of this effect in the camera described in 

the main part of this thesis is given below ( §10.7). 
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c. Loss in definition due to properties 

of the storage target. 

The porperties of the target which will affect 

the image definition will depend on the mechanism 

by which the charge image is formed. In tubes, such 

as the Pmitron and C.P.S. Rmitron (see below § s 6,1 

and 6.2), where the target is a mosaic of insulated 

photoemissive elements, it is important that the 

size of the individual elements should be sufficiently 

small to avoid their contributing to any observed 

loss in definition. In tubes, incorporating targets 

of only moderate resistivity, e.g. soda glass targets, 

used in image orthicons, lateral leakage of charge 

during a frame period can reduce resolution(36) 

Loss of resolution in photo—conductive targets can 

be caused by lateral spreading of the positive 

carriers as they migrate across the layer to build 

up the charge image on the scanned surface, and also 

by scattering of light within the layer(32). Camera 

tubes, embodying targets which are charged ty the 

action of energetic primary electrons may experience 

a loss in definition due to the scattering of electrons 

as they penetrate through the target layer. 
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(d) Laectron optics of the scanning section. 

A full analytical treatment cf the resolution 

that can be realised as a narrow electron beam scans 

a charge pattern stored on a target would require 

lengthy calculations to be made$  based on a knowledge 

of the intensity profile of the scanning spot, the 

energy distribution of the scanning electrons, and 

the beam acceptance function of the target in ques- 

tion. The problem is complicated by the fact that 

the beam acceptance of an insulating target changes 

continuously as it is discharged during scanning. 

No attempt will be made in the following 

discussion to provide a mathematical derivation of 

the definition that may be achieved with a low 

velocity scanning beam, but mention will be made of 

some of the electron optical effects which influence 

the resolution limit, set by the scanning section of 

the tube, with a discussion of how this may be optimized. 

The electron optics of a typical scanning 

section is shown in Pig.5.1. The low velocity gun is 

a triode system with a plane cathode, (2), modulator (3), 

and an anode or limiter electrode, constructed with two 

apertures known as the anode diaphragm (4) and the 

aperture diaphragm (6). The diameter of the latter 



.•.•.~  ,... 0••••••• •••••••• ,..... 
\\\\\\\\  

\\\\\N\N 	\\\\ 

FIG. 5.1 SCANNING SECTION OF A TYPICAL TELEVISION CAMERA 
EMPLOYING LOW VELOCITY READ-OUT BEAM. 

(not drawn to scale ) 
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is about 30 	and serves to restrict the electron 

beam diverging from the crossover, so that the limit—

ing trajectories of the beam  which actually passes 

through the aperture make an angle of only about 20' 

with the axis of the system. The modulator potential 

may be varied between —10 volts and —150 volts, depen—

ding on the beam intensity requirements, while the 

limiter is held at a typical value of +300 volts. 

The anode diaphragm in the limiter electrode system 

serves to increase the field at the cathode, reducing 

the angular spread of each elementary beam, emerging 

from any point on the cathode surface, and improving 

the overall emission of the system by counteracting 

the limiting effect of space charge. 

Alignment coils (5), mounted around the gun 

enable a small magnetic field to correct for any 

mechanical misalignment, introduced when sealing the 

electron gun pinch into the tube. It is difficult 

to maintain high mechanical tolerances during the 

glass blowing operation. 

On emerging from the aperture diaphragm, the 

electron beam enters a field free region within a 

cylindrical wall anode, (7). The potential of the 
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wall anode is adjustable within the range 100-300 

volts, so that the axial magnetic field, provided 

by the solenoid (9) will constrain the electrons 

to complete an exact number of helices as they focus 

on the target (12). 

By arranging for the emission system of the 

gun to pro de from the end of the focusing solenoid, 

and 	to be located in a region of weaker magnetic 

field, demagnification of the aperture diaphragm by 

a factor of about two is effected, producing an elec— 

tronic image on the target whose diameter is of the 

order 20 'Am(176) 

The beam is scanned laterally and vertically 

by the action of scanning coils, (8). It has been 

shown that it is desirable for the length of the 

scanning fields to be equal to the length of an 

integral number of focus loops, described by the 

scanning beam(144). 

A few mm. from the target is mounted an ion 

trap mesh, (10), held at about the same potential 

as the well  anode. This eliminates an effect, known 

as ion spot(108).  In the absence of this mesh, the 

electrostatic fields would be such as to accelerate 
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positive ions created within the wall anode towards 

the centre of the t4rget, giving rise to a charac—

teristic white spot in the centre of the video 

display. Lubszynski et al(100) have indicated that 

resolution can be improved by increasing the field 

between this mesh and the target. An improvement 

would therefore be effected if the potential of the 

mesh was raised, and its separation from the target 

reduced. These measures pose difficulties for tubes 

designed to have the mesh and wall anode connected 

to a common potential. Greater magnetic scanning 

and focusing power would be required and an increase 

would be observed in the port—hole effect, by which 

a variation in picture brightness occurs cowards the 

edge of the picture. It is due to the non—orthogonal 

landing of the electrons at the edge of the target. 

The normal component of electron energy in the scann—

ing beam is thus less at the edges of the target, 

giving rise to non—uniform stabilisation of the target 

surface potential. Connecting the mesh and anode as 

separate electrodes was shown to overcome these 

problems and to int.7z.duce further improvements in 

the electron optics of the scanning section( 102) 
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It prevented the accumulation of ions which had been 

able to build up in the field free space defined by 

the commonly connected ion trap mesh and anode?  and 

the electrostatic lens produced by the field between 

the wall anode and mesh when separately connected 

assisted corner f:-,cusing and orthogonal beam lauding. 

The stabiliser mesh(112) (11), shown in Fig. 

5.1. has no electron Iptical function. It is included 

to limit the potential excursions of the target, only 

if there is any danger that this could rise beyond 

its first cross—over potential when overloaded. The 

stabiliser mesh has therefore to be maintained at a 

voltage, just below the first cross—over potential 

of the target. It consequently must be mounted very 

close to the target in order to maintain the strong 

field gradient normal to the target, necessary for 

good focusing. 

While considering the resolution capabilities 

of a low velocity scanning beam, mention should be 

made of the effect known as beam pulling. This has 

been described above ( § 5,2(b)) and need not degrade 

definition, provided the target does not become 

charged to too high a voltage, through being over exposed. 
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From this discussion, it can be seen that 

there are several precautions which should be taken 

in designing a low-velocity, electron scanning 

system to optimize resolution. Definitions can 

now be realised with such systems which are as good 

as those obtainable with the high velocity guns, used 

in the obsolete tubes of the Emitron or iconoscope 

type(157).  Weimer(187) has provided a characteristic 

for an image orthicon gun, delivering 10 amps, 

which shows a resolution limit of about 2,000 

television lines per inch on the target. 

(e) Overall resolution of a camera tube. 

While it is often difficult to ascertain 

precisely the effect of the contribution to the 

resultant resolution, due to each image processing 

stage of a camera tube, an overall modulation 

transfer characteristic may be measured. Analysis 

on the performance of the tube may then be carried 

out by treating the tube as an electrical filter 

whose frequency characteristic may be inferred from 

its modulation transfer response. The output signal 

from the tube should be limplified by a device whose 

response is at least flat over the frequency range, 

accommodated by the tube itself. For entertainment 
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purposes, aperture correction is employed by which 

high frequency signals are boosted in the amplifier 

to compensate for the attenuation arising in the 

camera itself. 

5.4. Noise introduced in the creation of a 

charge image on a storage surface. 

Fig.5.2 illustrates the processes occurring 

in a storage tube, in which the stored charge image 

is formed on an insulating surface, by secondary 

emission caused by the action of accelerated photo—

electrons, focused on to the surface. 

Let P = the number of photons incident per picture 

element. 

ne7 the number of photoelectrons released per 

picture element. 

ns= the number of electron charges, stored per 

picture element. 

nt= the numbar of secondary electrons emitted 

per picture element. 

dr= the photo—sensitivity of the cathode. 

8= the secondary emission coefficient of the 

storage layer. 

ge= the charge gain of the storage layer 

(ge  = a— 1). 
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The noise to signal ratio in the stored charge 

N  
sj 

has been calculated in appendix A.2. 

For noiseless multiplication, or for multi—

plication obeying Poissonian statistics, 

N 12 	73c 
L 

L  s 
3 1 

P 	
t_ 

1=> 

ne 	ne 
( 5 ..1 ) 

For exponential statistic: of multiplication, 

-2. 
2 

2 	2 
no  

2 ge 

ns  (5.2) 

5.5. Noise introduced in the disealL_Trocess. 
The charge accumulated on the storage surface 

during exposure is discharged to gun cathode potential 

in the reading process by the action of the low velocity 

scanning beam (see §5.2(b) above). However, the target 

will never be restored to a perfectly uniform potential, 

and the final potential attained by each picture 

element will be subject to a fluctuation. Beurle(17)  

has provided a detailed analysis of processes involved, 

which show that this source of noise is negligible. 
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5.6. Noise introduced when the si612,1 is 

2rocessedja a thermionic head—amplifier 

coupled to  the  storage target. 

As the storage target is discharged to gun 

cathode potential, by the action of the low velocity 

scanning beam, it produces an electrical signal, 

proportional to the stored charge. The storage 

surfaca can be capacitively coupled to a conducting 

signal plate, and the current from the signal plate 

can be amplified by a suitably designed head amplifier. 

Fluctuations present at the input of this amplifier 

(amplifier noise) set a limit to the minimum detec—

table signal from the camera tube. The amplifier 

should therefore be designed and operated in a way 

which will reduce the fluctuations as far as possible. 

At the time of writing, vacuum tube input circuits 

are believed to be still superior to transistor 

circuits for realising the best possible signal to 

noise performance(154) but the possibility of using 

field effect transistors in a low noise head 

amplifier is currently being investigated(175)  

Fig.5.3 represents diagrammatically the 

arrangement by which a camera tube target is coupled 

to the input of a vacuum tube head amplifier. 
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As the electron beam, ib, scans the target, 

it neutralizes ns equivalent positive electron 

charges, stored on a picture element, in a time AT, 

generating a signal current, is. 
M n e = 	s 

s 	AT 
Mm  is the ordinate of the modulation transfer 

characteristic of the tube at a spatial frequency 

corresponding to m television lines. This factor is 

introduced to take into account the property of the 

tube, discussed above in § 5.5(e), by which it behaves 

as a low pass filter, attenuating signals corresponding 

to high spatial frequencies. 

The current, is, flows through the input impedance, 

Z, of an amplifier, consisting of a grid resistance R, 

shunted by a stray capacitance Cs. The amplifier must 

have a minimum bandwidth, fb, given by 
1 f = 

b 	2AT (5.4) 

and the attenuation of high frequency components in 

the signal, due to the caTucitance5 0s, is compensated 

for by designing the amplifier to have a response of 

the form -2-- , where K is a constant. 
White et al(189) have described a method by 

(5.3) 
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which frequency dependent feedback can be applied 

in a head amplifier to aohiave the necessary equali—

zation, and the advantages arising from the use of 

a cascaded input stage have been indicated by James(76)  

in a review of head amplifier designs. By minimizing 

the Miller effect, a cascode circuit effectively reduces 

the input capacity and hence the equalization required. 

Re' shown in Fig.5.3, is known as the equivalent 

noise resistance of the valve and is not a real circuit 

component. It is a device to enable the contribution 

to the total noise arising from anode current shot 

noise to be calculated by treating this as if' it arose 

from the Johnson noise of a fictitious resistor, Re, 

connected directly to the valve grid. 

Beurle(17)  has shown that the anode current 

shot noise of the first valve, together with the grid 

current shot noise of this valve and the thermal noise 

of the grid resistor, constitute the chief contributions 

to noise in the amplifier. The noise to signal power 

ratios arising from these sources has been calculated 

in Appendix A.3, where the following results axe 

.derived. 
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(i) Johnson noise 

[;4. 2= Iii2ns ire2f R 
	(5.5) 

(iii) Anode current shot noise 	472kTReCs2fB (5.7) 
2 2 2 3Mm  ns  e 

The mean square noise to signal ratios 

represent a convenient form for expressing the various 

noise contributions. The total mean square noise to 

signal ratio under given conditions may be derived by 

simply adding the magnitudes of these expressions. 

5.7. Noise introduced by the scanning beam. 

The effect of beam current shot noise provides 

a major contribution to the noise generated in tubes 

using return beam multiplier read out. This is dis—

cussed below in § 5.9. The fact that the scanning 

beam is composed of individual electrons can also 

introduce noise into tubes using signal plate and 

directly coupled head amplifier read out, for as the 

beam electrons not used in the discharge process 

approach and recede from the target, they induce 

charges in the signal plate. These charges will be 

induced with a statistical distribution with respect 

(ii) Grid current shot noiser212=  ig 	(5.6) 
2111m sn 2ef B 
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to time and so represent a noise contribution. 

Beurle(17) has shown that this source of noise is 

negligible in normal circumstances. 

5.8. Optimum bandwidth and o]erating parameters 

f2E_2_2h1,Eae storage tube using thermionic 

pig: al amplification. 

While eqns.(5.1) and (5.2) indicate that high 

target gain, ge, reduces the signal to noise ratio 

in a tube of given target capacity, these equations 

also show that the signal to noise ratio differs from 

that present in the primary photoelectrons by a con—

stant, dependent on the statistics of multiplication 

alone, and not on the gain. A high target gain in 

itself therefore represents no degeneration to the 

value of signal to noise, fundamentally limited by 

the number of photoelectrons, ne. The increase in 

the noise contribution due to the stored charge shot 

noise when the gain, ge, is high is a desirable fea—

ture from the standpoint of making scientific measure—

ments, since it represents an increase in the importance 

of a fundamental source of noise in comparison with 

instrumental noise introduced by the amplifier. 
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Examination of equs. (5,5), (5.6) and (5.7) 

indicates certain obvious choices for operating 

parameters. We see from eqn.(5.7) that the stray 

input capacity, Cs, should be minimized. This may 

be done by locating the first valve of the head 

amplifier as close to the signal plate as possible, 

so reducing any capacity introduced by the coupling 

leads. 

Eqns.(5.6) and (5.7) show that the input valve 

should have a low grid current, ig, and equivalent 

noise resistance, Re' properties that are often 

incompatible with a high mutual conductance, necessary 

to prevent the second stage of the head amplifier 

from contributing significantly to the noise. The 

E.M.I. R5559 is a suitable valve, having an equivalent 

noise resistance Re  of 145 ohms, a grid current, ig, 

of 10-8 amps and an input capacity of 17 pF. 

While Eqn.(5.5) indicates the desirability 

of a high input resistance, R, comparison with Eqn.(5.6) 

indicates that when :— 

R 	2kT (5.8) el 

grid current noise will exceed resistance noise, thus 

setting a maximum useful value for the choice of R. 
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Ecins.(5.5)9  (5.6) and (5.7) indicate the 

importance of high modulation transfer characteristic, 

Egns.(5.1), (5.2), (5.5), (5.6) and (5.7) all 

show the desirability of high storage capacity to 

enable large values of ns  to be realised. 

Properties, such as target gain, go, modulation, 

MI, and storage capacity, ns, are really properties 

dependent on they stage of development of tte tube, 

rather than on operating conditions. However, the 

mechanism of signal generation in some tubes enables 

target gain to be varied, and it is possible to improve 

both Mm and ns by operating at lower line standards. 

Nonetheless, this can only be done at the expense of 

definition, and thus improving on signal to noise by 

reducing the number of television lines can only be 

carried out to a limited extent if a good value for 

the image information recording efficiency (Ecin.2.29) 

is to be maintained. 

The remaining parameter to be considered is 

bandwidth, f3. Eqns.(5.5) and (5.6) represent sources 

of noise which decrease with fB' while Eqn.(5.7) 

indicates that anode current shot noise becomes 
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increasingly important as the bandwidth gets larger 

Clearly, an optimum bandwidth exists for any set of 

operating conditions at which the total signal to 

noise is a minimum. 

So many parameters are embraced by the signal 

to noise equations that it is difficult to present 

in a small number of curves, comprehensive data which 

enables the performance for any combination of opera— 

ting conditions to be readily assessed and so allow 

an optimum bandwidth to be selected for a given system. 

A set of three diagrams is therefore provided in 

Figs.5.41 5.5, and 5.6, which represent the variation 

with '.:arl.dwidth of the contributions due to various 

noise sources, for camera tubes whose storage 

capacities correspond to 105 10
6 

and 107 electrons 

per picture element respectively. All curves are 

drawn for a head amplifier, using an E5559 input 

valve and a total stray input capacitance, Cs, of 

50 pF. The values of other relevant parameters 

are marked on the graphs. 
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FIG.5.4 CONTRIBUTIONS TO NOISE ARISING FROM VARIOUS 
SOURCES, PLOTTED AS A FUNCTION OF BANDWIDTH, FOR 
A STORAGE TUBE STORING 105  ELECTRONS PER PICTURE 
ELEMENT 
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FIG.5.5 CONTRIBUTIONS TO NOISE ARISING FROM VARIOUS 
SOURCES, PLOTTED AS A FUNCTION OF BANDWIDTH, FOR 
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5.9. Noise  in a camera in which t421LE.1121 

is derived from scanntagbeam electrons 

reflected from the storaEe target and 

amplified b/ an  electron multiplier. 

This method of signal generation was first 

described by Rose et al(146)9 being one of the 

original fiiatures of the image orthicon camera tube 

(see below 	6.3). A schematic illustration, 

representing this mode of signal generation is 

given in fig.5.7. 

As the charge image on the storage surface 

of a target is scanned with low velocity electrons, 

the scanning electrons, not required to discharge 

the target will b3 reflected from the potential 

barrier, encountered at the target surface. They 

return towards the electron gun where they may be 

collected by the aperture of an electron multiplier. 

This amplifies the signal to give a current at the 

multiplier output, large enough to be further ampli—

fied electronically without increasing the noise. 

Let nb = the mean number of electrons, 

available in the scanning beam  

to discharge a picture element. 
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106. 
MB  = fractional depth to which the beam is 

modulated as it discharges a picture element. 

(This,of course, is not t:) he confused with 

the signal modulation, given by the modulation 

transfer characteristic). 

The current received at the input of the photomultiplier 

is thus proportional to (1 

Using Eqn.fA2.8j, we may write the following 

relationship to equate the stored charge on a picture 

element with the charge lost from the beam during 

read out 

riTI 	= ge  f 	(5.9) 

This is the alternating component of the return 

beam current which may be amplified by a factor of 

the order of 103  by the multiplier to generate the 

video signal. 

The noise to signal ratio 74— in the output of 

a camera tube, using a return beam multiplier has 

calculated in the appendix A.4 to be given by:- 

ge 	3  + 

(5.10). 

been 

1 
7211—  B 
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Clearly, the greater the depth of beam modu—

lation, MB, that can be achieved, the more closely 

will the signal to noise ratio given by Eqn.(5.10) 

approach the fundamental limit of stored charge shot 

noise given by Eqn.(5.1). In practice, it is found 

impossible to fully modulate the return beam, and a 

good figure for MB  measured at the B.B.C. Research 

, 	:Centre is 4070(43) Iivingstone(94)  has obtained 

beam modulations of up to 65%. 

An important property of the noise, generated 

in a camera using return beam read out is that it is 

'white', i.e. the noise power is uniformly distributed 

throughout the frequency spectrum. On the other hand, 

the noise generated in systems using a head amplifier 

coupled to a signal plate and working at a bandwidth 

corresponding to a broadcast standard is 'peaked', i.e. 

the noise power increases with frequency. (See Eqn.(5.7)). 

Cameras using return beam multiplier read out thus 

enable the line standard, and hence, bandwidth to be 

increased, without the drastic reduction in signal to 

noise ratio which occurs in thermionically amplified 

systems. However, at moderate line standards, thermionic 

amplification can compete with multiplier amplification, 

since noise power, concentrated at the high frequency 
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end of the spectrum provides the least objectionable 

form of noise from the standpoint of entertainment 

purposes. Schade(156)  estimates that 10dB more peaked 

noise can be tolerated than white noise to give the 

same subjective picture quality. 

For scientific applications where there is a 

free choice of the rate at which read out may be 

effectd, better results may be obtained with a 

thermionic amplifier, than with return beam read out. 

This is because for a tube of adequate target capacity, 

a bandwidth may be selected to make the fundamental 

limit, arising from the contribution due to stored 

charge shot noise (Ecns.(5.1) and (5.2)) dominant, 

greatly exceeding the amplifier noise contributions 

(Eqns.(5.5), (5.6) and (5.7)), and there is no noise 

contribution arising from scanning beam current noise. 

The conclusion that optimum speed scanning and thermionic 

amplification is superior to return beam and multiplier 

read out is in agreement with Theile(173) • 

5.10. Noise in a camera, in which the signal is 

derived from scannii2alectrons, scattered 

from the storage tar.get and amplified by, 

an electron multiplier.  

This method of signal generation was developed 
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by Weimer(184) and inoorporata in tt. tithe) known 

as the image isocon (see below § 6.4). Isocon scan 

was aimed at improving the modulation depth of the 

return beam, entering the electron multiplier, in a 

tube of the image orthicon type, and its principle 

is illustrated schematically in fig.5.8. 

It must be appreciated that as well as the 

scanning electrons, specularly reflected from the 

storage target, some are elastically scattered in 

a non—specular fashion from the point of impact. 

The number of electrons thus scattered is approxi—

mately proportional to the localized target potential. 

Thus, if ns  is the number of electrons stored per 

picture element, and n1 is the number of scattered 

electrons, ns  and n1  are related by a constant of 

proportionality, Rs, which is of the order of unity. 

n1 = Rs  ns 	(5.11) 

By suitable construction of the electron gun 

and multiplier, it is possible to arrange for a 

separation edge to shield the multiplier aperture from 

the reflected beam, so that a proportion of the 

scattered electrons only are sampled by the multiplier. 

A certain wastage of scattered electrons, carrying 
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tae signal current, occurs in this process, and 

thus, if A represents the fraction of useful 

scattered electrons, able to enter the multiplier, 

the number of electrons entering the multiplier to 

generate a video signal, nv, will be given by :— 

nv = M n1 

from (5.11) v =(5.12) m s s 

from (A2.8) 	nv = MmX ge 	(5.13) 

The factor Mm  is introduced to take into account 

the modulation transfer characteristic of the tube. 

Isocon read—out should theoretically enable a 

fully modulated electron beam to be received by the 

multi:aier;  enabling an imprav6:,,ent over the image 

orthicon to be realised in dynamic range (see §2.6(c)) 

as the noise compo:aant arising from the unused return 

beam is 3liminated. In practice, this theoretical 

ideal has not yet been achieved, and a small, constant, 

background current, arising from stray electrons enter—

ing the multiplier, provides a small but significant 

source of spurious noise. The signal to noise ratio 

which may be achieved, using isocon read—out, has been 

calculated in appendix AS. to be given by:— 



2 	ge  +3 + TT:  Bn
2 

2 — —2 22 —2 MIal AR  s  ge  P a i;15  
g$  + 3 + 

1  
.T. IT 	Bn

2 
	 Rs + 	 2-222 --.2 

ge ne 	IWIalA Rs ge ne 
(5.14). 

ge+ 3 •:- 1 
Rs 	B 2 n 

 

mp:2 	ns2 

   

 

ns 

 

Typical values of R A, and B , given by 
184) Weimer( 	are 2, i and A respectively, where n 

is the charge stored by a picture element, giving a 

peak white signal. Substituting these figures in 

eqn.(5.14) enables a direct comparison to be made 

with the signal to noise ratio obtained with reflected 

electron return beam read—out, given in eqn.(5.10). 

It can be seen that for high gain targets, i.e. 

ge 	5-7, a small improvement is obtained for the 

signal to noise ratio in the highlights by using 

isocon read—out, even when a good figure, e.g. 

NB  = 400, is used for the beam  modulation factor with 

reflected beam read—out. In the lowlights, however, 

the reduction of the beam modulation, MB, for reflected 
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beam read—out, results 	a much greater improvement 

being obtained 'by use of isocon scan, and a factor 

of four has been quoted(184) as the increase in signal 

to noise ratio that may be realised. A further advan—

tage of isocon read—out over reflected beam read—out 

arises from the fact that scenes of very different 

light level may be observed in sequence without the 

beam current requiring adjustment. 

While isocon scan was originally developed for 

use in tubes of the image orthicon type(184),  Cope 

et al(24),(25) have reported the improvement in per—

formance which may be realised when this type of read—

out is used in tubes, incorporating photoconductive 

targets. 



113. 

CHAPTER 6  

A SURVEY OF CHARGE STORAGE IMAGE DETECTORS,  

In the early days of television development, 

it was realised that a considerable improvement in 

sensitivity could be realised if, instead of sampling 

the signal 

frame, the 

integrated 

read off. 

subsequent 

principle,  

from each pi.Dture element only once per 

signal from each picture element could be 

and stored over a frame period, prior to 

All sensitive television cameras, developed 

to the Farnsworth Dissector exploited this 

and could therefore be described as charge 

storage image detectors. 

The literature contains several excellent 

review articles, describing commercial television 

cameras(107, 111, 121, 122, 186}, The emphasis of 

these reviews tends to be on the application of 

these cameras to broadcasting. In this chapter, a 

discussion will follow on the performance of sensitive 

television cameras and other charge storage image 

detectors, when applied to the problem of observing 

faint images of low contrast. 

6.1. The iconoscope and the image iconoscope. 

These early television cameras(74.' 107, 111, 186) 

employed charge storage, but the use of a high velocity 
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reading beam resulted in only about 50 of the stored 

charge being used in the generation of a video signal. 

Degradation of the video signal by effects arising 

from redistribution electrons prevented these tubes 

from seriously competing with photography as image 

detectors when used under standard conditions. However, 

by using the technique of pulse biassing to avoid 

redistribution effects, and a scanning beam, generated 

by a flying light spot, focused on the photocathode, 

Heimann(67) was able to use an image iconoscope to 

integrate satisfactory pictures for periods of up to 

half an hour. 

6.2. The C.P.S. Emitron 

The tub4579 112)  consists of an envelopewith 

a gun (1) at one end and a transparent photoemissive 

target, prepared in the form of a mosaic on a thin 

(0.003") glass target, (2), backed by a transparent 

conducting signal plate (nesa). The remainder of the 

tube is a low velocity scanning system whose essential 

features have been described above ( § 5.3(d)). 

A charge image, created on the target by photo—

emission may be retsined for a period, dependent on 

the insulation between mosaic elements. At room 
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temperature, this period is of the order of 30 seconds, 

but by cooling the target to —55°C., Randall(141) was 

able to extend the useful integration time to one hour. 

The capacity of the target of a C.P.S. Emitron 

is 1,000 pF, and its response falls to about 550 at 

definitions of 350 T.V. lines(57). The gamma of the 

tube is unity, which is of advantage for scientific 

applications, but gamma correction is required when 

the tube is used for entertainment purposes. 

6.3. The Image Orthicon (F.6.2).  

This camera tube(146) is constructed with a 

thin storage target, (1), mounted parallel to a 

photocathode (2). Electrons from the photocathode 

are accelerated to about 300 volts, and focused on 

to this target, causing reflected secondaries to be 

emitted. These are collected by a mesh, (3), spaced 

about 0.002" from the target, and held at about 2 volts 

positive with respect to the scanning gun cathode. 

The target is scanned from the reverse side, and the 

signal generated by the return beam mechanism, described 

above. ( § 5.9). Because the charge image is created 

on one side of the target, and is neutralized by scanning 

the other, it is necessary that the target should be 
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sufficiently conducting 10 allow nomo charge 

exchange between the two surfaces, without appre— 

ciable lateral leakage taking place to degrade 

resolution. 

The time constantrr,of the target is 

independent of the geometry, but depends on the 

resistivity, ,and the permittivity, of the target 

material. It is given by 

A modified form of soda glass, with a con—

ductivity three orders higher than ordinary window 

glass has been widely used as an image orthicon 

target, this having a time constant, comparable with 

a broadcast frame period. However, the current carriers 

which transport positive charge from the photocathode 

side of the target to the scanned surface are sodium 

ions, which perform a one way transit only. Continued 

migration of these sodium ions results in a deficiency 

of sodium on the cathode side, creating a highly 

insulating layer in the target. This marks the end 

of the useful life of the image orthicon which is 

said to have become "sticky". 

A search for new target materials, not subject 

to this defect, has led to the development of the 
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Elcon target(7). This is a glass, containing 

substantial amounts of titaniun oxide, prepared 

in a reducing atmosphere, so that a large percen—

tage of the titanium is in a trivalent state. Such 

glass is unaffected by caesium vapour, used to 

process the photocathode, and is not subject to 

changes in properties due to ion migration, as 

conduction is due to electron transfer between the 

ambivalent titanium ions. 

For long exposure storage applications, how—

ever, glass targets have too low a resistance to 

allow a charge image to be integrated in an image 

orthicon over an appreciable period of time, without 

excessive lateral leakage. As an alternative to 

glass, magnesia may be used as the image orthicon 

target material(30). Use of this material does 

give rise to certain disadvantages and problems. 

Picture background can arise from the transmission 

through the target of primary photoelectrons, 

magnesium oxide has a granular structure which is 

apparent in pictures generated by tubes operating 

at high light levels(44), and it is difficult to 

prepare blemish free magnesium oxide layers. 
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Such defects have tended to disqualify magnesium 

oxide as a target material for image orthicons, 

used in entertainment(19), but it has found appli— 

cation in cameras, applied to scientific observation 

(37, 38, 95, 96) 	Magnesium oxide targets have 

secondary emission gains of up to eleven, compared 

with about four or five for glass, and conduction 

is electronic rather than ionic as in soda glass(30) 

Further, the crystal structure of the target is such 

that anisotropic conduction takes place, favouring 

the transfer of charge between the faces of the 

target, while restricting undesirable lateral charge 

leakage. 

Image orthicons, incorporating magnesium oxide 

targets have enabled integration times of tens of 

minutes to be realised(38)1  and it was possible to 

extend this period to over an hour by cooling a 

selected tube to —100oC.(96) 

The performance of the image orthicon is 

limited by just a few shortcomings to which the tube 

is subject. 

First, beam shot noise, present in the incom— 

pletely modulated return beam, prevents high quantum 



120. 

efficiencies from being realised in the low—lights 

of a picture. 

Secondly, redistribution of secondary elec—

trons occurs around highlights, where the target 

has become charged to the same potential as the 

closely spaced collector mesh. This mesh potential 

(2 volts) defines the maximum voltage excursion of 

the target, and produces a discontinuity or knee 

in the transfer characteristic. This effect is 

undesirable from the stand point of using the tube 

as a scientific measuring instrument, and for such 

applications, the tube should only be exposed up to 

the knee. However, for entertainment applications 

the knee in the characteristic can be exploited to 

give a form of gamma correction. Also, the redis—

tribution electrons can give a black border effect 

which enhances definition, but for strong highlights, 

the black border effect becomes objectionable. 

Miyashiro et al(130) have described a method of 

mitigating the effect by means of an additional 

collector mesh. 

A third defect which may be encountered in 

the image orthicon is known as dynode spot. By this, 
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a secondary emission image. of .the first dynode of 

the multiplier in a focal plane of the return beam 

becomes superimposed on the useful picture. 

The fourth disadvantage of the image orthicon 

is its relatively small target capacity, which limits 

the signal to noise ratio which may be realised in 

the output signal, and hence, the minimum detectable 

contrast in a single frame. The target capacity of 

the three inch image orthicon is only 100 pF(122) 

The development of the four and a half inch tube(69) 

doubled the target capacity. 

Ingenious operating techniques have enabled 

astronomers to further increase the information that 

may be effectively stored by an image orthicon, in a 

single exposure. Livingstone(95) describes how the 

tube may be exposed with a high target to mesh voltage 

and then, after exposure, the mesh potential is lowered 

so that the maximum target potential, seen by the 

scanning beam is only two volts. A series of frames 

are then read out as the mesh potential is successively 

advanced in two volt steps. 

Morton(133) gives an account of a method of 

increasing the capacity of storage tubes, used to 
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observe faint, low contrast images, known as 

multiple storage. The camera is operated at a 

frame rate faster than the requiredintegration 

period to discharge the target each time it 

chaziges to capacity. The lift control is set, so 

that the video signal contains the alternating 

part of the signal only, rejecting the d.c. com-,  

ponent of the signal, corresponding to background. 

The video signal is stored on a second storage tube, 

this process of transfering the alternating part of 

the information stored in successive frames being 

continued, until the second storage device becomes 

charged to capacity. In this way, the useful integ—

ration time is extended. During the second charge 

storage, the noise from successive frames increases 

by the square root of the number of the frame, while 

the signal increases linearly. 

Hynek et al(73)  used a technique, known as 

hypersensitisation, which exploited the fact that 

a target, continuously scanned in the dark, adopts 

a potential 4 to 5 volts negative with respect to 

the gun cathode. Hence, when the tube is exposed 

to a low contrast image, a large amount of background 

is subtracted, enhancing the contrast that may be 
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obtained on read out. 

Gebel et al(56) have used a three inch, wide 

spaced image orthicon to photograph the planets 

in daylight, even recording the moons of Jupiter, 

without resorting to any of the methods described 

above to increase the effective storage capacity 

of the tube. Baum(10) estimates that the contrast 

of Jupiter's moons against daytime sky background 

is of the order, 10-2. 

Livingston(96) has evaluated the limiting 

resolution of an image orthicon under normal operating 

conditions as 22 line pairs per mm. This may be 

increased to 45 line pairs per mm. by photographic 

integration of many frames to reduce the noise. 

6.4. The Image Isocon. (Fig.6.3).  

This tube(23,184) is very similar to the image 

orthicon, but derives the signal from scanning elec—

trons, elastically scattered from the target, rather 

than from the specularly reflected electrons, used 

in image orthicon read out. The mechanism of signal 

generation is described above, ( § 5.10), and the 

means by which this is accomplished in a practical 

device is illustrated in fig.6.3. A beam aperture (1), 
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in front of the_gun, and at an antinodal plane 

selects only those electrons with excess helical 

motion to provide the scanning beam. The scanning 

beam and the reflected beam are thus restricted to 

lie within the narrow pencil, shown shaded on the 

diagram. 

A proportion of the scattered electrons 

which lie within the envelope shown by the dotted 

line are selected by means of another aperture, (2), 

mounted at the antinodal plane, whence they are fed 

to an electron multiplier. The number of scattered 

electrons is approximately proportional to the stored 

charge, and the video signal generated will therefore 

be of opposite polarity to that derived from a con—

ventional image orthicon. Fig.6.3(b) represents the 

beam and multiplier aperture system, and illustrates 

the various electron trajectories in an equatorial 

plane. 

The reduction of noise, especially in the 

blacks, enables the image isocon to realise a better 

equivalent quantum efficiency, and to obtain an order 

of magnitude improvement in dynamic range, over the 

image orthicon. ISocon beam curront docv not have to 

be adjusted (as in the image orthicon), 11, reduce. 

tile noise wkert dark objecls 
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are being observed, and dynode spot, a defect 

encountered in image orthicons ( § 6.3) is absent 

in isocons, because the return beam arrives at the 

multiplier, out of focus. 

While superior in many respects to an image 

orthicon, the image isocon is still subject to cer—

tain disadvantages. The setting up and adjustment 

is very critical, and considerable skill is necessary 

to meet the close tolerances required for optimum 

operation. Slight misadjustment can lead to spurious 

side effects, and even to reversal of signal polarity, 

due to the reflected beam entering the multiplier. 

Even optimally adjusted tubes are inferior to image 

orthicons from the standpoint of definition and lag. 

This is because the scanning electrons to be focused 

are non—paraxial and more prone to aberration, and 

lag is increased because the beam aperture limits 

the amount of current, available to discharge the 

target. The limiting resolution of an image isocon 

is about 900 television lines. 

6.5. The Intensifier Orthicon. (Fig.6.4). 

,,137) This tube(106132 	consists of an image 

intensifier and an image orthicon, constructed within 
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the same envelope. By achieving high gain, prior 

to read out, beam noise becomes relatively unimpor— 

tant in comparison with the fundamental limit of 

photon noise, but an improvement in signal to noise 

and in dynamic range has been obtained by operating 

the tube in the isocon node(106). 

Intensifier orthicons can be constructed 

with up to three cascade stages of intansification, 

but at the expense of some resolution. With optimum 

illumination, the limiting resolution of a one—stage 

intensifier orthicon is 600 television lines. For a 

two stage intensifier, the limiting resolution drops 

to 450 television lines. Three stages of image pre— 

intensification are necessary however for single 

photoelectron scintillations to be readily observed(132). 

The R.C.A., 074036 intensifier orthicon was able to 

operate at photocathode illuminations as low as 10-9  

ft. ed., at which light level, the tube was able to 

resolve 100 television lines(106)  

6.6. The vidicon and the plual12122/11 121g.6.5.1. 

These are two very similar tubes, incorporating 

photo—conductive targets. A field gradient is maintained 

across the photo—conductive layer (1) by means of a 
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transparent conducting signal plate, (2) and a low 

velocity scanning beam (3). The charge image is 

created on the scanned surface as current is able 

to flow across the layer in illuminated regions. 

The emergence of the vidicon(185) as a camera 

tube represented the advent of a sensitive, simple 

and compact television pick—up device. Early vidicons 

incorporated p—type amorphous selenium target layers(177) 

but the short life (300 hours) of such tubes led to 

the development of target layers, constructed from 

n—type semi—conductors, such as the sulphides and 

selenides of arsenic, antimony, cadmium, and lead. 

Vidicons incorporating antimony trisulphide 

targets have under normal operating conditions, a 

gamma between 0.5 and 0.65 and an approximately 

panchromatic spectral response( 1°1). These are 

ideal properties for entertainment purposes, but for 

scientific applications, special photo—conductive 

tubes(28) have been developed with infra—red(681171) 

and ultra—violet(181) responses. 

Development of vidicons with a separately 

connected mesh enabled very good resolutions to be 

realised in this type of tube, giving modulations of 
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up to 80% with 375 television line test patterns(102). 

On the small target of the standard one inch vidicons, 

this corresponds to 40 line pairs per mm. An even 

more compact camera tube, the half—inch vidicon has 

been developed(29'182) which can give a modulation 

depth of 40% at 400 television lines. 

While possessing so many excellent properties, 

the vidicon is subject to the defect of exhibiting 

lag, which can be due to both solid—state and discharge 

lag. Dresner(183) showed that discharge lag could be 

reduced by scanning the target with a high velocity 

beam, but this was accompanied by undesirable redis—

tribution effects. The most successful method of 

combatting discharge lag is to prepare the target by 

evaporating the layer in an inert gas atmosphere. 

This enables a spongy layer to be produced which 

has a lower electrostatic capacity than the solid 

layer, because it is mechanically thicker and has a 

lower dielectric constant, but which is no more 

optically dense than the solid layer. Solid state 

lag, however, remains a serious defect, especially 

at low light levels when the lag current, arising 

from trapped carriers represents a significant pro—

portion of the signal current. Solid—state and 
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capacitive lag have been deliberately increased in 

the so called storage vidicons, where lag has been 

exploited to retain a display on a monitor(99'183) 

However, a distinction mast be drawn between this 

type of 'storage tube', and the type of camera with 

which ths thesis is concerned, which integrates 

light images over long periods of time, converting 

them into the form of charge images, stored on an 

insulating target. The vidicon is not very satis—

factory for this type of storage, because the resis—

tivity of the photoconductive target is not particu—

larly high, typical dark currents being of the order 

of 10-8 amps. 

Many of the defects of vidicons, using impurity 
semiconductor targets have been overcome in the 

plumbicon(31'34), which incorporates a lead oxide 

photo—conductive target. The bulk of this target is 

prepared in a sufficiently pure state to be an intrinsic 

semiconductor, but the surface in contact with the 

signal plate is doped to be n—type, while the scanned 

surface is doped to become p—type. The absence of 

trapping centres in the intrinsic layer reduces solid—
state lag to negligible proportions, and enables a 
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strong internal field to be established in the 

layer with fairly moderate signal plate potentials, 

e.g. 30 volts. The establishment of a strong 

internal field in the layer enables carrier transit 

time to be reduced to less than carrier life time, 

achieving the condition necessary for saturated 

photo—current and high sensitivity. A typical 

figure quoted for target sensitivity is 210 4A/lumen, 

but sensitivities as high as 400 11A/lumen may be 

attained(34)  

The gamma of the plumbicon is unity. This 

may be explained by the fact that when a tube is 

delivering a saturated photo—current, i.e. a current, 

independent of potential gradient in the target, the 

current will remain directly pz.oportional to light 

level since it will be unaffected by small reductions 

of potential gradient, corresponding to high lights. 

De Haan et al,(34)  describe how layers may be 

prepared to be red or blue sensitive, or to have a 

panchromatic response. The colour response is strongly 

dependent on the impurity layers which sandwich the 

intrinsic lead oxide. These impurity layers also 

cause the target to behave as a reverse biased, 
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PIN diode (p type—intrinsic—ntype) under normal 

operating conditions. This reduces the dark current 

encountered in plumbicons to much below that, occurr— 

ing in normal vidicons, seldom exceeding 5 x 10-10  

amps. Even this, however, is too large a leakage 

current to enable a plumbicon camera to integrate 

and store an image for more than several seconds. 

6.7. The Intensifier Vidicon.  

This type of camera may be regarded as the 

photo—conductive analogue of the intensifier orthicon, 

consisting of an image intensifier and vidicon, 

assembled within a common envelope. Tubes of this 

type were constructed and assessed at Imperial College 

by Enstone(50). The phosphor output of the intensi— 

fier and the photo—conductive layer were deposited 

on opposite sides of a thin mica sheet (511m), enabling 

efficient coupling to be achieved without serious loss 

in resolution. These tubes were difficult to make 

with optimum performance of all photo—sensitive elements, 

as the processing of the second photo--surface can 

effect the properties of whichever type of photo— 

surface was prepared first, be this photo—emissive 

or photo—conductive. Successful highly sensitive 
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tubes of this type have been constructed, but they 

are subject to the defects associated with photo—

conductive targets, discussed above ( § 6.6). 

6.8. The Ebicon. (Fig.6.6).  

Solid state conduction may be induced by the 

action of energetic electrons, as well as by photons. 

Electron bombardment induced conductivity has been 

studied by Ansbacher et al(5), who showed that under 

favourable conditions , it is possible for a single 
bombarding electron to excite as many as 104 electrons, 

into conduction bands. This phenomena suggests a 

method of constructing a sensitive television camera, 

and Schneeberger et al(160,161) describe such a tube, 

called the Ebicon, which is shown diagrammatically in 

fig.6.6. Essentially, it is similar to an intensifier 

vidicon ( § 6.7), except that the energetic primary 

photoelectrons (1) are focused directly on to an 

arsenic trisulphide target (2) instead of being 

first converted into photons by a phosphor. A field 

gradient is maintained across the target layer by 

means of an electron transparent, conducting signal 

plate (3) on one side, and a low velocity electron 

beam scanning the other (4). Thus, the electrons, 



SIGNAL 
OUTPUT 

V/7Z/V -/7/.//i/ZZA/ZZ/7.47.7.7/7/7",.///,/,,./7A 
15(XXXXXJ 

  

 

C•D 'mew/ 

  

DO<XXXX] 
V/YY17/1/////A/17/M/7//7.771/A//////1./A  

TARGET BIAS 
FIG. 6.5 THE VIDICON 

  

IMAGE SECTION 
	 A 	  

SCANNING SECTION 

 

   

       

       

       

   

4 I ccoc 

   

       

       

       

       

	'SIGNAL 
OUTPUT 

TARGET BIAS 

FIG. 6.6 THE EBICON 



136. 

excited into the conduction bands by the energetic 

primaries, move under the influence of the applied 

field, creating a charge image in the target. Using 

accelerating voltages of the order 10 keV and biases 

of up to 40 volts, gains of the order of 500 have 

been obtained. 

The camera was developed for space research, 

and is therefore focused and scanned electrostatically. 

A curved photocathode (5) is used to assist with the 

design of the electrostatically focused image section. 

The resolution obtained on such a tube is 8 line pairs/ 

mm., which corresponds to 500 television lines, but 

better definition could be achieved by using magnetic 

focusing. 

Alexander et ai(2) describe tubes, exploiting 

electron bombardment induced conductive targets which 

use return•-beam multiplier read out. Targets fabricated 

from aluminium oxide, magnesium fluoride, and from 

zinc sulphite were used. The first two substances 

were sufficiently good insulators to enable faint 

optical images to be integrated, and storage periods 

of the order of days were reported. 

The principle defect encountered in tubes, 
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incorporating electron bombardment induced conduc—

tivity targets lies in the considerably solid—state 

and capacitive lag. The discharge lag arises from 

the fact that targets have to be thin, to enable 

good gains to be realised. A further disadvantage 

associated with the tube lies in the difficulty, 

experienced in manufacturing blemish free targets. 

6.9. Reversible Target Integrating Storage  

Tube. (Fig.6.7).  

Beurle and Slark(1 5),(163) , working at 

Imperial College, constructed and assessed storage 

tubes of the type illustrated in fig.6.7. Photo—

electrons are electromagnetically focused on to a 

dielectric target (1), where a charge image may be 

created by either reflection secondary emission, or 

by electron bombardment induced conductivity. 

Primary energies of 1 or 2 keV are used for the 

first signal generating mechanism, and 15 keV for 

the second. After creating a stored charge image, 

the target is rotated mechanically by means of a 

magnetic cross bar (2) and exposed to a low velocity 

scanning beam (3) which discharges the target, 

generating a video signal in the conventional manner. 
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Various target materials were investigated, 

but the best results were achieved, using magnesium 

fluoride, evaporated to a thickness of 2 lam. on to 

a mesa substrate. Magnesium fluoride was found to 

be a sufficiently good insulator to enable charge 

images to be storad for days, without appreciable 

loss of intensity and definition. 

By introducing a processing compartment (4) 

in which a photocathode (5) could be processed and 

then reversed, so that the sensitive surface faced 

the target, Slark was able to prevent the alkali 

vapours, used in processing, from entering the working 

part of the tube to create low work function surfaces 

and reduce the insulation of the target. In this 

way, background was reduced to a low enough level 

to enable integration periods of up to two hours 

to be attained. 

Beurle and Slark investigated methods of 

increasing the storage capacity of the target, when 

used to observe low contrast images by compensating 

for the uniform background, so that only the variations 

in the high—lights are read off during scanning to 
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provide a well modulated signal. A method of doing 

this, known as pre—exposure compensation, was devised 

in which the tube was exposed to a uniform background 

with the secondary emission collection mesh (6) held 

at a negative potential. In this way, a negative 

charge was deposited over the target to cancel the 

positive charge, corresponding to picture background, 

which is produced during the subsequent integration 

of a low contrast charge image. This method of back—

groutid compensation was more effective than the 

simpler method of shifting the reading gun cathode 

potential, relative to the target, since it also 

provided a limited degree of compensation for non—

uniformities in the photocathode. 

While functioning well from' the standpoint 

of integration and storage, certain problems and 

disadvantages were encountered in using this type 

of tube. Many troublesome features were associated 

with the moveable target assembly, besides the 

inconvenience imposed by making simultaneous exposure 

and read off impossible. Poor definition, discharge 

lag, and target blemishes all tended to detract from 

the tubes performance, which was operated at normal 
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television scan rates, where amplifier noise and 

inadequate scanning beam current prevented optimum 

results from being obtained. 

6.10. Optically—scanned Integrating Storag2 

Tube. (Fig.6.8). 

The shortcomings of the reversible target 

storage tube lead Beurle and Slark to the conclusion 

that further development of charge integrating storage 

tubes should be along the lines of the photocathode 

scanned storage tube, suggested earlier by McGee(110. 

An investigation of tubes of thistype was 

carried out by Khan(79)  and Mende

e 

	at Imperial 

College, under the direction of Dr. Twiddy(129).  

The optically scanned device is illustrated 

in fig.6.8. During exposure (fig.6.8a), an optical 

image is projected on to a semi—transparent cathode (1) 

via a lens (2) and a mirror (3). Photoelectrons 

liberated from the cathode are accelerated to about 

1 kV, and focused by means of a strong uniform mag—

netic field on to a thin (10 w,m.) magnesium fluoride 

target, deposited on a conducting signal plate (4). 

Secondary electrons are emitted from the target, to 

be collected by the mesh (5), leaving a positive 
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charge image, stored in the target. 

This charge image is converted into a video 

signal by scanning the target with a low velocity 

electron beam, derived by focusing the raster of a 

low persistence phosphor (P16) cathode ray tube (6) 

on to the photocathode (1). (fig.8.6(b)). Read 

out conditions are established by adjusting the 

photocathode voltage to be at signal plate potential 

and removing the mirror (3) to expose the photocathode 

to the cathode-ray tube. 

Good results were achieved after certain pre-

cautions were taken to optimise performance. Slow 

speed scanning was employed to reduce „amplifier noise 

and to give adequate beam current to discharge the 

high capacity (6,800 pF) target. Phosphor, photo-

cathode and optical non•-uniformities were compensated 

by a feed-back system between the photocathode and 

the cathode-ray tube modulator. A short working 

length between the cathode and target, 1.5 cm., 

facilitated focusing. The reversible photocathode 

assembly (see § 6.9) enabled background and target 

leakage to be minimized. 
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Under these conditions, it was possible to 

integrate for up to 3 hours, and to store images for 

days. Quantum efficiencies, approaching that of the 

photocathode were realised. 

The photocathode scanned tube was found to be 

subject to certain defects. As in the case of the 

image orthicon ( § 6.3), there is a loss in primary 

photoelectrons due to the presence of the collector 

mesh,and also, redistribution effects occur. Setting 

up this tube can be tedious, since, like the reversible 

target storage tube ( § 6.9), it is impossible to 

expose and read—out simultaneously. The definition of 

the system is limited by the flying spot scanning 

mechanism. The photoelectrons used in read—out are 

spread over a 27 solid angle and are, therefore, much 

more difficult to focus, than the praxial electrons, 

selected by the limiter of an electron gun. The 

limiting resolution of the system is only about 400 

television lines. 

6.11. Comparison of the performance of  charEe 

storage image detectors applied to the 

problem of detecting faint)  low—contrast images.  

Of the camera tubes surveyed above, most have 
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been developod with brortriomat applications in view, 

and the target insulation is often inadequate for 

long term exposure and storage. In some cases, this 

problem could be met by cooling the target(141), but 

this introduces an undesirable inconvenience. Mag—

nesium--oxide target image orthicons have many properties 

which make them well suited for observing faint images, 

and they have actually been used in the field by 

astronomers(37,38,95'96).  The relatively low target 

capacity represents the main disadvantage of the image 

orthicon when applied to low—contrast image detection. 

While tubes, specailly developed for storage 

applications have high target capacities, such devices • 

considered in this Chapter ( §s.6.9 and 6.10) are much 

inferior to image orthicons from the standpoint of 

definition, besides imposing the serious inconvenience 

of making it impossible to simultaneously expose and 

read out. 

Graphical comparisons of various storage tubes 

are provided by plots of equivalent quantum efficiency, 

E, (§2.7) and image information recording efficiency, 

F, (§ 2.3) as functions of image detail, given in 

figs.6.9 and 6.10. These curves were computed for 
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those camera tubes, for which the necessary data were 

available. 

The calculations from which these curves are 

derived were based on the equations, defining E and 

F (Eqns.2.25 and 2.1) and used the appropriate express—

ions for noise, obtained in appendices A.2 to A.4. The 

number of television lips, represented along the 

abscissae defines the size of a picture element. For 

tubes using a head—amplifier, directly coupled to the 

target, the ordinate at each resolution was calculated, 

using a value for bandwidth, fB, of 2 x 105 Hz. This 

corresponds to the picture elements being scanned at 

an optimum rate for a head amplifier with an R.5559 

input value. (see §5.8). 	(A 4.6) was used to 

calculate the output signal to noise ratio for the 

image orthicon. 

All tubes using photoemissive cathodes were 

assumed to incorporate trialkali cathodes of peak 

quantum efficiency, 20%. The remainder of the data, 

necessary to calculate the performance of each specific 

tube is as follows. 

(a) 10764A. C.P.S. Emitron. 

The modulation transfer characteristic and 

the total storage capacity, Q, (see §2.6(c)) are 



14-9. 

given by Gibbons(57). 

Q = 3.36 x 101°  electrons, 

(b) E.E.V. 8540 Image Orthicon, 

The modulation transfer characteristic WRS 

obtained from an English Electric Valve data sheet(49)  

The curve supplied represented the modulation obtained 

for a tube elosed at half a stop above the knee, whore 

redistribution effects give an apparent enhancement of 

definition. ( § 6,3). Thus, the results presented in 

figs.6.9 and 6.10 are somewhat misleading for this tube, 

giving rather favourable performance figures for the 

imago orthicon considered. 

The figure used for target gain, ge, was 5 and 

the calculation was made, assuming a figure of 40$ for 

beam modulation, MB, in the peak white areas(143) 

(c) E.M.I. High Resolution VidiconIype 9677. 

The modulation transfer characteristic and the 

total storage capacity, Q, wore derived from an E.M.I. 

data sheet(48) 

Q = 5 x 101°  electrons. 

The sensitivity of the tube will depend on the 

operating conditions as the gammas is not unity. 
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For a tube, operating at a target voltage which gives 

10-8  amps of dark current, and at P ?.fight level of 2 ft. 

cd., the target sensitivity is 77 µA/lumen (48,101)  

For a panchromatic response, this corresponds to a 

peak quantum efficiency 0-  of approximately 130. 

(d) Plumbicony 

de Haan et al(34) provide a modulation transfer 

characteristic and give a figure of 210 1.tA/1m. as a 

typical target sensitivity. For a panchromatic response, 

the quantum efficiency of the target at the peak will 

be about 35%. The electrostatic capacity of the target 

is given as 1,500 pF., which corresponds to a total 

storage capacity, Q, of 5 x 1010 electrons. 

(e) Optically Scanned Storm Tube. 

Mende(127),(129) has measured the modulation 

transfer characteristic, the target gain, ge, and 

the total storage capacity, Q. 

g = 6. 

Q = 17 x 1010 electrons. 
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CHAPTER 2 

Design, construction, and processing of a new 

integrating charge storage tube, incorporating 

a spongy, potassium chloride, target layer. 

7.1 Inception of the device. 

The discovery by Goetze(59) of Westinghouse that potassium 

chloride dynodes exhibited remarkable secondary emission gains 

has been referred to above ( § 4.2 
	

An independent 

investigation of these layers was undertaken at Imperical College 

by M.E. Rosenbloom(150),  working under Dr. Wilcock. The 

initial objective of this project was to developda dynode which could 

result in T.S.E. intesifiers of improved performance. However, 

in addition to their high secondary emission gain, these layers 

were found to possess exceptional insulating properties, which 

might be exploited with advantage in storage-type camera tubes. 

Work was therefore started by the author in collaboration with 

S.B.Mende and M.E.Rosenbloom, under the direction of 

Dr. Twiddy to construct a television camera tube, incorporating 

a spongy potassium chloride layer as target. 
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The first successful tube of this type was constructed at the end 

of 1962, and a reprint from 'Nature! describing the performance 

of this early tube is bound with this thesis. 

At the time we were const-ucttlyz the prototype version of 

this tuba, it would appear that the Westinghouse workers were 

also working on a similar device. Allusions were made in the 

correspondence columns of scientific journals to a camera, 

described by Goetze and Boerio( 60) at an Electron Devices 

Meeting of the I.E.E.J::„ 	held in Washington. Later, 

descriptions of the Westinghouse camera appeared in the 

iiterature(62,63) . More recent work performe.1 by the Westing-

house team on camera tubes, incorporating spongy, potassium 

chloride targets was described in a series of papers, presented 

at the third symposium on photo-electronics, held at Imperial 

Corege(13) 11+, 21, 40, 64) 

7.2 Design and Construction of the prototype_amagy_p_otass,qurn 

chloride target camera tube, 

The prototype version of the spongy potassium chloride 

camera tube, constructed at Imperial College is illustrated 
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diagramatically in Fig. 7,1, while Fig 7.2 is a photograph of 

the device. 

An optical image is focused on to an end wall, semi-

transparent photo-cathode, (1) , where the photo-electrons 

liberated are electro-magnetically focused on to a spongy 

potassium chloride target, (2) , creating within this 	a 

stored charge image. The manufacture, structu.:-.. , and 

mechanism of charge image generation of the target are 

discussed below. 	§s. 7.7, 7.8, 10.2, 10.3, 10.4). 

Rosenbloomls(150) work had indicated that a ma:imum 

in the secondary emission of spongy potassium chloride 

occurred for primary energies of 7 keV., so the imkige 

section was designed to give single loop electro-magnetic 

focusing for electrons, uniformly accelerated to 7 keV in a 

magnetic field of 4.5 milli tesla. 	This required a 

photocathode target separation of 19 cm. 

While the discussion of methods of charge-image read-

out, given above in chapter 5 indicated that the best 

performance from a camera tube may be realized by using 
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isocon scan ( §5.10), the complezity of this system made it 

unsuitable for use in a prototype tube. Instead, signal 

extraction was effected by coupling the conducting backing 

of the target to a thermionic head amplifier. While this is by 

far the simplest method of signal extraction, it has boon shown 

above ( §s.5.6 and 5.8) that provided the scan rate is 

optimized, thermionic signal amplification is as goods as 

amplification by an electron multiplier. 

The low velocity scanning section, (3) , of the tube was 

made to be identical with the miniature C.P.S. Emitron, for 

which, scanning coils, (4), and circuits were available. The 

electron optical features af:the gun section have been described 

above, ( § 5.3 	) . The ion trap mesh (5) was taken to 

a separate connection from the wall anode, but no stabilizer 

mesh was incorporated into the proto-type tube. 

The scanning system required a longitudinal magnetic 

field of the same strength (4.5 mill tesla. ) as that to 

which the image section was designed, so that a single 

solenoid (6) could be used to apply a uniform magnetic field 

along the whole length of the tube. 
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The wall anode of the gun section consisted of platinum 

paint, fired into the pyrex glass at 60N0. This was protected 

from being scratched in regions where spring contacts were 

made from the elctron gun metal parts, by a coat of platinum 

paste, similarly fired into the glass. The electron gun used 

was a C.P.S. Emitron gun, whose kodial pinch was sealed 

to the main pyrex body of the tube by means of a graded seal. 

The accelerating electrodes in the image section of the 

tube were platinum rings, (?), about 7 mm. broad, spaced 

at 2 cm. intervals, painted and fired on to the glass. Electrical 

connections were made to these rings by means of platinum 

tapes, sealed through the glass. These made contact with 

silver paste patches, fired on to the outside of the tube, to 

which soldered connections could be made. 

The spongy target and the mesh were included together 

in a common assembly whose construction can best be 

explained with reference to Fig. 7.3 which represents 

a section through the assembly. 

The electroformed 600 line per inch mesh, (1), was 

mounted by clamping it between two, stainless steel rings, (2) 
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machined to maw into each other so that the mesh was stretched 

taut as the two rings were bolted together with 10 B.A. screws. 

The target (3) was prepared on a soda glass ring (4) by 

techniques, described below, ( §s. 7.6 and 7.7) , and secured 

by means of inconel clips (5) on to a stainless steel film holder, 

(6), which in turn, could be clipped on to another electrode, 

called the target mount (7). The target mount and the mesh 

electrode were fixed together by means of spot welded clips 

and ceramic rods, 1 cm. in length (8) . The whole. assembly 

could be clipped on to tungsten pins, (9), by inconel clips, (10), 

spot welded to the mesh electrode. Three tungsten pins were 

used, two of which were blind and one open, to enable 

electrical contact to be made to the mesh. Electrical contact 

to the target mount was made through a springy skirt, (11) , 

welded on to the target mount and pressing against a platinum 

ring electrode, painted on to the tube wall with a platinum 

tape sealed through the glass. This skirt also served to 

isolate the gun section of the tube from the image section, 

protecting the scanned surface of the target from any adverse 

effects which might arise from the alkali vapours, liberated 
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into the image section during photo-cathode processing. 

Because the spongy potassium chloride target is rapidly 

attacked by water vapour(152),  the target was assembled 

into the tube in a dry box, after the tube had been prepumpad, 

baked to 300°C, and then let down to dry argon by means 

of a special gas admittance valve (Fig.7.4). The silver 

chloride sealed end plate was removed, and a long, 

specially designed tool was used to reach inside the tube 

to unclip and remove the empty film holder from the target 

mount. Fig 7.6 is a photograph of some of the long tools, 

used in tube as;•embly, which were designed to reach inside 

the tube and grip various tube parts. A film was clipped 

into the holder, -nd this was carefully replaced into the tube 

by means of the special tool. The end plate was resealed 

on to the tube which could then be removed from the dry 

box and resealed on to the pump. The well known magnetic 

ball valve (82) , (Fig. 7.5) , provided protectiu.n for the 

susceptible target from harmful atmospheric and glass-blowing 

vapours when the tube was removed from the dry box. 
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Initial pumping had to be carried out slowly through 

a constricted pumping line, to avoid rupturing the target. 

When a good vacuum had been achieved, the tube was rebaked, 

the electron gun and end wall photo-cathode processed, and 

the tube sealed off the pump. The cathode processing techniques 

used are discussed and described below ( § 7.9 and 7.10). 

7.3 17~kizamodifications introduced after assessment of 

the nrototype  tube. 

While the first successful camera tube enabled many of 

the characteristics of spongy potassium chloride layers to be 

investigated, (see chapter 10), the camera itself exhibited 

certain undesirable features for which remedial modifications 

were incorporated in subsequent tubes. 

The insulation of the target proved high enough to 

enable a charge image to be retained for periods of several 

hours without appreciable loss in definition. However, this 

property could not be exploited to achieve long integration 

times in the proto-type tube, due to the fact that background 

limited useful exposure to periods of less than two minutes. 



One source of this background was immediately evident. 

During the processing of the end wall photo-cathode, Ckali 

vapours had been deposited on the walls of the image section, 

giving rise to low work-function surfaces which would 

contribute to background arising from thermal, photo-, and 

secondary emission. 

Background was investigated by determining how the 

current reaching the target from the image section, 

with the applied electrostatic and magnetic fields. The photo-

cathode was illuminated with a constant light, and the current 

reaching the target (to which the mesh and all the gun 

electrodes were strapped for this experiment) were measured 

with an electrometer. The target current was plotted as a 

function of electrostatic field for various fixed values of the 

magnetic field. A set of curves is provided in 	7.7 

showing the results of these measurements. For each 

magnetic field used, a maximum target current occurred for 

a definite value of electrostatic field. The electrostatic 

fields corresponding to maxima increased monotonically with 

magnetic field, and it was found that 
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tube voltages for which maximum target currents occurred 

were approximately proportional to the square of the corres-

ponding magnetic fields. 

V c< 132 	 ( 7 . 1 ) 

This is illustrated graphically in Fig. 7.8. 

Now it has been suggested that a source of background 

in image intensifiers can arise from electron mulplic:Ition 

and ion emission from the glass walls of the tube (118' 193). 

If this were to account for background in the image section 

of the tube under consideration, the combinations of magnetic 

and electrostatic fields, corresponding to maximum target 

current, might be expected to be mlated to a significant, 

preferred skip distance, travelled by an electron between 

collisions at the tube wall. 

It is shown in appendix A.6 that a relationship of 

the type represented by Eq.(7.1) would be expected to 

hold if a definite, preferred mean skip distance for an electron 

emitted from the tube wall existed. (see Eq. A.6,4 ). 

Substitution of the operating parameters, used in the proto-

type tube in the equations derived in the appendix, yielded 
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a value of about 2 cm. for this mean skip distance. The 

fact that this distance is the same as the separation of the 

platinized accelerating electrodes, painted on the walls of the 

tube, can be explained on the grounds that the insulating 

glass bands along the wall of the tube are better secondary 

emitters than the conducting platinized rings. A resonance 

thus occurs in the background current observed, when the 

fields are just right to accelerate and focus electrons from 

one region of unpainted glass on to the next, so giving 

rise to an electron cascade between the evenly spaced 

unpainted regions of the tube wall. This hypothesis is 

supported by the fact that shorting two adjacent electrodes 

to defocus one generation of secondary electrons considerably 

reduced the background current. 

Three modifications were introduced into the design of 

the next tube (Fig.7.9) to reduce this background. 

The cathode was processed in a separate compartment 

to prevent alkali vapours from entering the image section of 

the tube where the creation of low work function surfaces 

had to be avoided. This was achieved by making use of 
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a device, developed at Imperical College, which enables the 

processed cathode in the sealed off tube to be turned over in 

the processing compartment, so that its sensitive surface 

faces the working section of the tube ( 116, 165) 

Second;,2, the length of the image section was reduced 

from 19 cm. to 13 cm. This modification required that the 

applied magnetic field should be increased from L..5 to 6.7 

milli tesla, to maintain single loop focusing conditions for 

electrons accelerated through 7 kV in the image section. 

Operation of the prototype tube had indicated that the avail-

able scanning power was adequate for the target to be 

fully scanned in this increased magnetic field. 

A third modification, aimed at reducing background 

was the replacement of the platinum ring accelerating 

electrodes by stainless steel annuli, clipped on to triads of 

tungsten pins, sealed into the tube at 2 cm. Intervals. One 

pin of each triad was open, enabling electrical contact to 

be made to the annulus. The annuli acted as baffles, 

preventing electron multiplication along the walls of the tube. 
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The replacement of the platinum paint rings and tapos by 

annuli had the further advantage of avoiding lost contacts 

which could arise from the unreliability of platinum tapes. 

(A broken platinum tape had rendered one of the prototype 

tubes useless). 

It was decided to avoid similar trouble through lost 

contacts occurring in the scanning section by replacing the 

platinum paint wall anode by one made from thin, stainless 

steel sheet. 	The method of mechnically locating the wall 

anode is illustrated diagramatically in Fig. 7.10., which 

shows the scanning section electrode assembly. 	The wall 

anode, (1), target mount, (2), and mesh electrode, (3), 

wore assembled together by means of three ceramic rods, (10 

glass separators, (5), and spot welded clips (6). The 

glass spacers, (5), were made from tubing which closely 

fitted the ceramic rods, by grinding down sections of this 

tubing in a Jig, to lengths of less than 2 mm. 	Triads 

of equally sized :spacers were selected for the assembly. 

This construction resulted in the mesh being located much 

closer to the target and aimed at improving the resolution 
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(see § 5.3 (d) ) which was limited to only 10 line pairs 

per mm. in the prototype tube. 

The whole assembly was anchored into the tube by 

means of inconel clips, (7), welded to the mesh electrode 

and attached to three tungsten pins (8), sealed into the 

glass, one of which was open to enable electrical contact 

to be made to the mesh. Electrical contact was made to 

the signal plate by means of a flying lead, (9), spot 

welded between the target mount and another open tungsten 

pin in the tube wall (10). 	No skirt was required ctr3und 

the target mount to protect the target surface from alkali 

vapours, as in the proto-type tube, because in this tube, 

a photo-cathode processing compartment was uded. The 

potassium chloride target layer was assembled into the tube 

by a method, similar to that used for the prototype tube 

(see § 7.2). Electrical contact was made to the wall anode, 

by means of spot welded Inconel springs, (11), which bear 

against the wall anode of a stantia,rd vidicon gun, (12), 

sealed into the glass base of the tube. 
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Use of magnetic materials, such as nickel was avoided 

in all parts of the tube to prevent aberrations arising from 

magnetic field distortion. 

These modifications resulted in a tube of much 

improved performance from the standpoint of background 

and resolution. 	Further modifications introduced into 

subsequently constructed tubes have resulted in additional 

improvements ( §7.4), but the evolution of tube design has 

been more gradual, following these initial drastic alterations. 

22_4.  Further modifications in the design of the storage tube  

and their effect on  its performance. 

(a). Screening of the glass walls of the image section. 

While the use of annular accelerating electrodes enabled 

useful integration times of up to one hour to be realized and 

the limiting resolution was improved to 15 line pairs per mm. 

the images generated by the tube illustrated in Fig. 7.9 were 

badly distorted. (see fig. 7.11). 	This distortion was due to 

charging of the unscreened glass walls in the image section and 

the defect was overcome in subsequent tubes by welding metal 
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skirts on to the annuli to screen the glass walls. This 

feature is illustrated in Fig 7.12 which shows a tube immediately 

before its final pumping to be processed. The gas admittance 

valve and ball valve described above in § 7.2 are also clearly 

shown in this picture. 

(b). Modifications associated with tube processing. 

Various photo-cathode processing techniques were adopted 

during the development of the tube, some of which involved 

modification to the processing compartment. These are described 

in the account of the photocathode processing technique, finally 

adopted, given below in §7.10 

(c). Internal mounting of resistor chain. 

In the early tubes, the accelerating electrodes were held 

at uniformly increasing potentials by tappings from an external 

resistor chain, included in the tube mounting cradle. A 

separate connection was made to each electrode, via the open 

tungsten pin on which it was mounted. 

This arrangement was improved upon by internally 

mounting the resistor chain, on to the accelerating electrodes, 

assembled together as a rigid unit. The method of construction 



176 
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SKIRTED ANNULI , PRIOR TO BEING 
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of this unit is illustrated in Fig. 7.13. 	The skirted annuli, (1), 

were attached to fused silica rods, (2), by means of clips, (3), 

spot welded round the rods at the positions where these 

passed thnough clearance holes in the annuli. Welwyn 

c:“Aciz.ed carbon, 8.2 M Si- resistors, type C 82, from which 

the casing and paint had been removed, (4.), were also 

mounted with spot welded clips, to connect adjacent annuli. 

These resistors could be baked to 300°C, without being 

adversely affoctocl, and were run qyite satisfactorily within 

the vacuum of the tube st twice their rating of 500 volts. 

The advantages accruing from the introduction of this 

modification were threefold. 	First, only two electrical 

connections were required for the image section, enabling 

corona to be more easily prevented, as there were fewer 

external surfaces at high voltage. Secondly, the fact that 

only two electrical connections were required, enabled the 

risk of leaks to be minimized by allowing a considerable 

reduction in the number of tungsten pins, sealed In the 

glass. Thirdly, the construction of all the image section 

electrodes as a single unit, considerably facilitated assembly 
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at the drybox stage (see § 7.2). Then, the annuli could be 

easily taken out of the pumped and baked tube as a unit, so 

enabling the removal of the target and mesh assembly. It 

was much less difficult to assemble the fragile target on to 

the target mount when this was outside the tube and then 

replace the whole assembly into the tube, than it was to manoeuvre 

and clip the target in position on to a mount inside the tube. 

(d). Modifications associated with target stabilization. 

One of the major defects of the spongy potassium chloride 

targets lay in their tendency to charge beyond the first cross- 

over potential in unscanned or overloaded regions. 	There 

was thus, always a risk of the target reverting from a 

cathode to anode potential stabilized state. 	This was 

accompanied by dielectric breakdown in the target, which 

became punctured during exposure to the energetic scanning 

electrons. Targets so punctured were permanently damaged, 

and pictures generated on restoration of cathode potential 

stabilized working conditions, exhibited prominent fixed white 

spots (see fig. 7.110 . 
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The problem was overcome in the most recently constructed 

tube by mounting a stabilizer mesh (see § 5.3 (d)) between the 

target and the field mesh, spaced at a distance of 0.020.1  from 

the target by means of mica washers. 

Since targets in tubes without a stabilizer mesh had to 

be overscanned to maintain stability, the circular shape of the 

evaporated potassium chloride layers proved inconvenient. 

Various methods were tried of obtaining a useful picture from 

tubes without a stabilizer mesh, which completely filled the 

monitor while avoiding instability arising from unscanned areas 

becoming overcharged. Rectangular evaporated layers, or 

rectangular masks in front of either the photocathode side or 

the gun side of a standard layer were all tried. The best 

results were obtained by mounting rectangular masks each 

side of the target, the dimensions of the mask on the photo- 

cathode side being 1 mm. less than the mask on the gun 

side. 	This avoided any instability arising, due to the 

layers becoming overcharged under the edge of the gun side 

mask where it is not properly 'seen' by the scanning beam. 
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(e). Modification of the target mount. 

The targets used in the early spongy layer camera tubes 

were one inch in diameter. It was considered desirable to 

increase the target diameter in order to improve resolution in 

terms of television lines. Now the first target membranes used 

were mounted on soda glass rings, which in turn, had to be 

mounted in a stainless steel film holder to enable the assembly 

to be clipped on to the target mount in the tube (see §7.2). 

This type of construction made it infeasible to increase the 

target diameter, without making a corresponding increase in 

all other image section dimensions, for the film holder had 

already been designed to occupy the minimum of annular space, 

consistent with satisfactory mechanical assembly to the target 

mount. A new method of mounting the film was therefore 

sought for, which could enable larger target areas to be used, 

without also necessitating the inconvenience of altering any other 

tube dimension. A solution to the problem would be the direct 

mounting of targets on to metal rings, so fashioned to allow them 

to be directly assembled on to the target mount without the use 

of an intermediate film holder. Experiments with stainless steel 
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rings (expansion_ coefficient 1.1 x 10-6) proved these to be 

unsatisfactory due to the 20% mismatch with the expansion 

coefficient of the aluminium oxide membrane being intolerable. 

Satisfactory rings were made however from titanium:  whose 

linear expansion coefficient (9 x 10-6) was sufficiently close 

to the hitherto used soda glass to enable the membranes to 

be stretched by just the right amount during layer preparation. 

(see § 7.6). Use of titanium film - mounting rings enabled 

targets with diameters of 1.5 inches to be included in tubes. 

(f). Reversion to platinum ainted wall anodes. 

While good electrical contacts were always made to the 

stainless steel wall anodes, ( see § 7.3) , this type of anode 

did exhibit undersirable features. 	Power was absorbed 

from the scanning fields, resulting in eddy current heating 

of the anode and in distortion of the raster, scanning the target. 

(see fig. 7.15). Use of very thin (0.002 0 ) steel into which 

slots were cut (see fig. 7.12.) failed to eliminate this effect, 

and it was decided to revert to the origin .1 method of using 

platinum painted wall anodes. Care was taken to avoid 

scratching the paint, and platinum paste was used over surfaces 
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to which spring contacts were made. 

The diagram in fig 7.16 shows tis.:f tube in its present 

state of development, showing processing compartment, (1), 

skirted annuli, connected by internally mounted resistors, (2), 

stabilizer mesh, (3) , field mesh, GO , and gun section with 

platinum painted wall anode (5). 

7.5 Preparation of metal parts,  used in tubes.  

(a) Copper meshed. 

These were cleaned and relaxed' prior to mounting, 

by vacuum stoving to 500°C. 

(b) Stairless steel tube parts. 

All the stainless steel tube electrodes were electro-

polished(168) by introducing them as the anode of an electro-

lfl consisting of 56% glycerol, 37% ortho-phosphoric acid 

and 7% water. After a current of density two or three amps 

per dquare inch of anode surface had passed for a few 

minutes, the tube parts became highly polished. After 

electropoloshing, the electrolyte was rinsed off with 3N 

hydrochloric acid and distilled water. 
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The electrodes were vacuum stoved to 1,000°C on the 

day, prior to tube assembly. 

(c). Inconel springs and clips. 

These were made by spot welding in pairs, and bending 

as required inconel strips which had been first crimped in a 

jig to enable the clips produced to positively locate on the 1 mm. 

tungsten pins, sealed in the glass walls. 	These clips were 

electropolished and rinsed in hydrochloric acid and distilled 

water, as were the stainless steel parts, but they were 

not vacuum stoved, because inconel losses its elasticity when 

annealed. 

(d) Titanium rings. 

After being turned and machined to shape, these were 

polished in a lathe with alumina powder. 

7.6 Preparation of thin support film. 

The thin films, used to support the spongy potassium 

chloride layers were made from aluminium oxide. Membranes 

of this type had been used to support image intensifiers dynodes 

by Emberson (47) whose method of preparation of alumina 

films was based on that described by Harris(65) 
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Clean, smooth, commercial aluminium foil (Starfoil) about 

0.001" thick was stuck on to a tufnol ring with an acid resistant 

cement (bedacryl) 

The front surface of the aluminium foil, 	then cleaned 

with 6N caustic soda, applied with a brush, and rinsed off as 

soon as effervescence was observed. This surface was then 

anodized in a cell as Pllown in fig 7.17. 	Electrical contact 

was made to the aluminium by a metal pillar, (1) , screwed into 

the tufnol ring, (2), through an aluminium tag which had been 

left for this purpose when the aluminium foil,(3), was trimmed 

to size round the tufnol mounting ring. The electrolyte, (1+) 3 

was a 3% tartaric acid solution, buffered to a pH of 5.5 with 

0.880 ammonia solution. 	The anodized layers produced were 

13 A. thick per volt applied(66) . Thus, 500 A membranes were 

prepared by the application of about 1+0 volts over a period of two 

minutes, the current flowing in the electrolyte dropping from the 

order of an amp to about 2 or 3 ma. as anodization reached 

completion. 

After this, the anodized surface was washed clean with 

distilled water, and the atmospherically azirlta;--:d layer on the 
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reverse side was removed by paint:_ng !t with 6N sodium hydr- 

oxide solution until effervescence occurred. The caustic soda 

was then washed away with distilled water and the blank immersed 

vertically into an etching tank, containing about 4.00 ccs of 3N 

hydrochloric acid, to which, approximately 4 ccs of 0.1N cupric 

chloride and a couple of drops of detergent had been added. 

Over the course of about ten minutes, the films became 

transparent as the aluminium dissolved away during etching, 

leaving a thin film of aluminium oxide. The cupric chloride 

aided the etching process by depositing traces of copper on 

the aluminium, to promote local electrolytic action. After etching, 

the acid was run slowly out of the bottom of the etching tank and 

the films washed. 

The apparatus used to wash the fragile films in a way 

which kept turbulence to a minimum is shown in fig 7.18. The 

films were washed in succession with distilled water, nitric acid 

to remove electro-chemically deposited traces of copper, distilled 

water, and absolute alcohol, run in from dropping flasks. 

The films were then mountod on conducting rings. Platinized 

soda glass rings were used in the early tubes, but for reasons 

explained above ( §7.4 (d) ) , titanium rings were introduced as 
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film supports in later tubes-. The mounting was effected by 

wetting the surface of the ring with a dilute solution of potassium 

silicate (0.1%), and offering the ring up to the film by means 

of a screw adjustable platform until surface tension forces pulled 

the film into intimate contact with the ring. After the film had 

stuck to the ring, the blank surrounds and tufnol ring were 

removed by trimming off with a wet paint brush. 

The oxide film was then stretuched by heating it in air, 

up to 250°C. The expansion coefficient of the ring material 

(c. 9 x 10-6) is just greater than that of aluminium oxide 

(c 8 x 10 6), so producing the required stretching. During 

this stretching, the film underwent plastic flow, so that a slightly 

wrinkled film was left on cooling. This was able to take up 

strain induced by the annealing processes occuring in the layers 

subsequently evaporated on the film (aluminium and potassium 

chloride). Unstretched layers raptured during tube baking, but 

films which had been overstretched by preheating to 300°C 

produced targets with crazed surfaces. The crazing lines were 

visible in the pictures generated by a tube with such a target 

(see fig. 7.11). 
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7.7 Evaporation of aluminium and spongy potassium chloride 

layers on to the aluminium oxide film. 

The evaporation techniques, used at Imperial College for 

preparing spongy layers were developed by Rosenbloom(151) 
• 

The demountable system, in which the evaporations were 

carried out is illustrated diagramatically in fig. 7.19 and pictorially 

in fig. 7.20. Prior to the introduction of the films, the open 

molybdenum boat, (1), was charged with finely ground, analar 

grade, potassium chloride, and degassed by heating the boat 

in the evacuated system. 	The films, (2) , were then mounted 

on to a rotating film-holder, (3), and introduced into the 

demountable system. When the system had been re-evacuated, 

aluminium was evaporated on to the films from a triplestrand 

tungsten filament, (4) . 	A lamp,(5)   , and a selenium photocell, 

(6) , were used to monitor the evaporation until the film 

transmission dropped to 1%. This marked the production of a 

o 	(180) continuous , conducting, aluminium layer, 200 A thick 

The system was then isolated from the pump by me.:.ns 

of the butterfly valve, (7), and dry argon admitted through a 

needle valve (9), until a manometer, (10), indicated that the 

pressure had risen to two torr. 
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To ensure that the potassium chloride, evaporated from 

the boat held just two inches below the films should be deposited 

uniformly, the film holder was rotated during the evaporation. 

This was achieved by means of an external induction motor, (11), 

which acted on a copper plate, (12), fixed to the film mount, a.nd 

supported by a free running thrust bearing, (13), The 

induction motor consisted of four relay coils, one pair of which 

was supplied through a large condenser, so that the currents 

flowing in adjacent coils were in phase quadrature. The supply 

to the motor was adjusted to keep the mount rotating at a rate 

of one cycle per second. The evaporation of the potassium chloride 

was monitored by observing for a 27% drop in the optical trans- 

mission of the film. 	The dropping effect of the rotating film 

holder necessitated the connection of a condenser across the 

galvanometer measuring the photo current delivered by the cell, (6) , 

to increase the time constant of the circuit. This did not 

adversely effect monitoring, since the potassium chloride was 

evaporated slowly, the process being controlled to take, about 

ten minutes. An aluminium chimney(14) 
protected optical 

components in the monitoring system from depoeltion. 
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On completion of the evaporation, a dry box with glove 

ports was placed over the demountable vacuum chamber (see 

Fig. 7.21) and a desiccator was introduced inter this through a 

side panel. The demountable system was let down to dry argon, 

and the dry box flushed with dry nitrogen. The film holder was 

then transferred from the demountable system to the desiccator, 

which in turn, was transferred to the large tube assembly dry 

box, which contained the tube and the necessary tools. 

These precautions to ensure that the layers were exposed, 

only to extremely dry atmospheres, were taken in view of 

Rosenbloom's observations on the susceptibility of these low 

density layers to poisioning by the slightest trace of moisture(151)
• 

7.8 Physical properties of the layers. 

The mass of potassium chloride in the layers was 

determined by the conductimetric method described by Rosenbloom( 151 ) 

The potassium chloride on a layer was dissolved in a known 

quantity of water, and the conductivity of the solution obtained 

was measured under A.C. conditions to avoid polarization of 

the electrolyte. A standardization experiment had shown that 

over the range of concentrations used, a linear relationship 

existed between oolution conductance and concentration. 
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The thickness of the spongy layers cannot be easily 

measured interferometrically, because of the uneven nature of 

the surface and Rosenbloom (151) 
conclu.-.%Jel that the best method 

of determining the thickness was to observe under a microscope 

the cross-section of a flake from a punctured dynode. The 

flimsy nature of the layer made this difficult and the author measured 

layer thicknesses by making the microscope observation on broken 

sections of glass plates, which had been included with the films 

in the demountable system during the evaporation. The different 

substrates, represented by glass and aluminium oxide should not 

have affected the structure of the spongy layer produced, since 

an intermediate aluminium layer was deposited, prior to the 

potassium chloride evaporation. It was found that layers evaporated 

under apparently identical conditions had thickness ranging between 

5/Am. and 20/Am. 	This is in agreement with Rosenbloom. 

A diagram of the cross-section of a typical layer is given in 

fig. 7.22, while fig. 7.23 shows a microscope photograph of a 

section through a potassium chloride layer, evaporated on to 

a glass plate. 

The diffuse nature of the spongy potassium chloride is 

illustrated in fig. 7.24, which is an electron micrograph of potassium 
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chloride, evaporated on to a mesh in an argon atmosphere. 

Macs and ithic7zanss measurements gave the layer density 

to be about 3% that of solid potassium chloride. 

7.9 Formation of the thermionic cathode of the electron_Eun. 

After the layer had been assembled into the tube in the dry 

box, the tube was re-evacuted (see §7.2), baked, and the gun 

electrodes degassed by eddy-current heating. The pressure was 

kept below 10-5  torr during this degassing procedure which was 

continued until the electrodes could be maintained at a dull red 

heat without the pressure rising above 5 x 10 6 torr. A 

smaller eddy-current heating coil was used to degas the getters, 

until on the point of firing. 

After degassing the gun parts, the theraiEonio cathode was 

formed. The principles and chemical reactions involved in 

processing are described in detail by Herrmann et al(170) 

Essentially, mixed barium and strontium carbonate crystals in 

the unformed cathode are converted into mixed crystals of the 

oxides of these metals, activated by small traces of metallic barium. 

A processing unit was built, consisting of a power supply 

which enabled the filament voltage arid electrode potentials to be 



201. 

independently varied and monitored over the ranges 0-10 volts 

and 0 - 500 volts respectively, while separate meters allowed 

the filament current and the emission current flowing to the limiter 

to be continuously observed. 

With the limiter and the modulator held at zero volts, the 

filament voltage was gradually increased in half-volt stages to 

8 volts, taking care that the pressure never rose above 5 x 10-6 

torr. This precaution, besides ensuring that good vacuum 

conditions were maintained in the tube, minimized the risk of the 

cathode coating becoming cracked through over rapid heating at 

the processing stage. 	The filament was run above its rating 

of 6.3 volts during this processing procedure in order to take 

the temperature up to 1350°K, when the carbonates were 

completely reduced, not just to the oxides of barium and strontium, 

but to form crystals of the mixed oxide (Ha Sr) 0. 

When the filament was being run at 8 volts, the limiter 

potential was increased to 300 volts, and the emission current 

observed. A current in excess of 1 ma. indicated that the cathode 

had been satisfactorily processed by heating alone, sufficient 

metallic barium to produce the excess semiconductor structure 

which gives the required emission, being obtained throii.gh the 
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reducing action of the cathode binder. 

In cases where only a very small emission current was 

initially observed as the limiter was turned up to 300 volts, 

further processing was effected by leaving the filament set at 

8 volts, and the limiter set at a voltage which drew a satul-ated 

emission current from the cathode. This emission current was 

then usually observed to rise over a period of up to one hour, 

as the necessary metallic barium was produced in the cathode 

through electrolysis and ion bombardment. 

When fully activated, the emission current from the cathode 

remained in excess of 1 ma. as the filament was returned to its 

normal operating value of 6.3 volts. Afterthe cathode had been 

activated, the tube was rebaked and the getters fired. 

7.10 	Photo-cathode processing. 

(a). Type of cathode used. 

Early tubes incorporated antimony-caesium ( S 9 ) photo-

cathodes, prepared by standard techniques, used in this department. 

These have been documented by Khan(81) . Since the photo-

cathode efficiency represents the maximum attainable quantum 

efficiency of any photo-electric detector, this should be made as 

high as possible, and therefore, the later tubes were made with 
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tr5alkalim (S - 20) photo-cathodes since this type cf cathode is 

the most sensitive semi-transparent photo-cathode for the visible 

1. ( 69) repon 	Processing consisted essentially of evaporating 

an antimony layer of carefully controlled thickness cn to a pyrex 

cathode plate, and activating this layer by exposing it to alkali 

vapours, when held at the temperature at which the most effective 

reaction occurs. 

(b). Construction of the antimony evaporator. 

An antimony bead was melted on to a platinum coated 

molybdenum wire in an argon atmosphere, and this was assembled 

into an evaporator whose construction is shown in fig. 7.25. 

Prior to processing, the evaporator rested in a side arm, blown 

on to the main pumping stem, (see fig. 7.12) but it could be 

manoeuvred into the processing compartment, by means of an 

external magnet, acting on the magnetic slug, and enabling the 

evaporator assembly to be slid along the tungsten rods through 

which the antimony heating current is introduced. 

(c). Preparation of the alkali channels. 

The alkali generating mixture consisted of alkali chromate, 

tungsten powder, and aluminium powder. Very pure reagents 

were used in each case, the metal powders being separately 
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vacuum stoved before mixing with the chromate. The powders 

were mixed in the weight ratio of eight parts tungsten, to one 

each of aluminium and chromate for the caesium and potassium 

mixtures, but ten part of tungsten were used in the case of the 

sodium generating mixture. Alkali is liberated when these 

mixtures are heated through the aluminium reducing the chromate. 

Tungsten moderates this exothermic reaction by taking up excess 

heat. More tungsten was used for the sodium mixture as very 

careful control was required during the socliation stage of processing. 

The mixtures were transferred to nickel tubes of about 

1 mm. in diameter. Slits were cut into these tubes by means of 

a razor blade, and they were cleaned by degreasing in trichloro-

ethylene, boiling in caustic soda for ten minutes, soaking in cold 

dilute hydrochloric acid for another ten minutes, and then rinsing 

in distilled water and iso-propyl alcohol. They were finally 

cleaned by eddy current heating them up to red heat in a vacuum 

of 10 6 torr. 	After the tubes had been cleaned and filled with 

the mixtures, their ends were crimped, and they were assembled 

into the alkali generating chamber of the tube. 

In the first tubes made with trialkali cathodes , the channels 

were welded on to tungsten pins in the walls of the processing 

• 



206. 

compartment. This avoided the necessity of an extra seal-off 

when processing was completed, but introduced some disadvantages. 

Extra tungsten pins in the glass wall increased the risk of leaks, 

and:  being located at the high voltage end of the tube, they 

provided extra sources of corona. Also, a certain amount 

of mixture invariably became.  	the channels into the 

tube, during tube assembly. Therefore, when a method was 

devized of preventing the gas evolved during seal-off from 

entering the processing compartment, and poisoning the cathode, 

it was decided to mount the channels in a separate chamber, 

connected to the processing compartment by a side arm. The 

axa,angement adopted is illustrated in fig 7.26. 

The channels, (1) were welded on to tungsten pins in 

the walls of a chamber which was opened to the processing 

compartment during pumping and processing, by holding back 

a spring loaded flap, (2), by means of a hook on the end of 

the antimony evaporator ( 3 ) . 	Magnetic manipulation of the 

evaporator, could either engage the hook to open the flap or 

release it, prior to seal off, when the flap would spring back 

to shut off the side arm. 	Another spring loaded flap, (4), 

sut off the other stem to be sealed off, and was pushed open 
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as the antimony evaporator was slid into the processing compart-

ment, or spring back as the evaporator was withdrawn to its 

side arm. The spring loaded flaps were mounted on ceramic 

rods, (5), clip welded to the photocathode shelf (6).  

As a further precaution against outgassing during seal 

off, the stems to be sealed off were degassed by flaming, prior 

to processing, and they were kept at 300°C during processing 

by heating coils. 

The channels were degassed in situ, prior to processing, 

by passing currents through them, increasing the current as 

degassing proceeded until the channels were just observed to 

liberate alkali. At no time during degassing was the pressure 

allowed to rise above 5 x 10-6 torr. 

(d). Antimony evaporation) 

While still in the side arm, the antimony bead was cleaned 

by passing a current through the evaporator, increasing this 

heating current gradually, so that the pressure was maintained 

at a level below 5 x 10-6  torr. The current was noted at 

the point when the antimony started to evaporate, creating a 

metallic mirror below the antimony bead in the side arm. At 

this point, the heating current was turned off. 
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The evaporator was then manoeuvred into the processing 

compartment, opening the spring loaded flaps as described above 

( §7.10 (c) ) , and finally located in a position where the 

antimony bead stood directly above the centre of the photo-

cathode plate. 

A beam of light waa directed through the photo-cathode 

plate, to fall on to a barrier layer photo-cell. This provided. 

a means of monitorring the evaporation of antimony which was 

continued until the optical transmission of the photo-cathode 

plate had dropped to 65%. 

(e). Setting up for activation. 

A collimated beam of light, chopped at 1.4 K Hz was 

directed via a hole in the pump table and two prisms to pass 

through the photocathode plate. 

The channels were connected to a supply, capable of 

delivering independent, metered outputs, variable from 0 to 

10 amps. 

A 150 volt supply was connected between the cathode 

shelf and a platinum ring which had been painted on the end 

of the tube for the purpose of silver chloride sealing, but which 

provided a convenient photo-electron collecting anode. 
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A screened lead was taken from the open pin on the 

cathode shelf to a sensitive amplifier, tuned to the lamp chopping 

frequency. 

TherT,-aocouple:. were arranged to monitor the temperature 

of the processing compartment and of the seal- off arms. 

if). Activation of the photocathode. 

The oven was lowered over the tube, which was baked 

to 180°C and held at this temperature for 15 minutes. The 

current through the potassium channel was then slowly increased 

to the value at which it had previously been found to liberate 

alkali. 	At this stage, the chopper amplifier indicated a rise 

in photo-sensitivity which attained a maximum, and then began 

to fall as excess potassium was deposited on the cathode. 

The sensitivity was allowed to fall to about two-thirds of its 

peak before switching off the potassium channel. The tube 

was next baked to 220°C to drive off excess potassium. 

This was accompanied by the photosensitivity regaining its 

previously achieved maximum. 

At this stage, the current through the sodium channel 

was increased to firing level and held there, the sensitivity 

rising as the sodium was generated. Immediately a new 



211. 

peak in sensitivity was attained, the sodium channel was turned 

off. This had to be done promptly, for unlike the other alkalis, 

any excess of sodium deposited cannot be baked off. The tube 

was then cooled back to 170°C by raising the oven slightly, 

when it was repota.ssiated to achieve a new peak in photo--

emission. 

The proportions of constituents, present in the cathode 

at this stage could be optimized by a procedure, known as 

the yo - yo technique, which involved alternately driving small 

amounts of potassium and antimony on to the cathode, until 

this could induce no improvement in sensitivity. 

After this, the tube was cooled to 140°C, when 

caesium was introduced from the remaining channel to realize 

a new maximum photo-current. Caesiation was continued until 

a drop of about 30% in sensitivity occurred through over-

caesiation. The tube was then allowed to cool to about 90°C, 

during which time, excess caesium baked off, restoring the 

photo-sensitivity to a typical maximum of 100/u A / lumen. 
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Once the tube had cooled to room temperature, the 

channel chamber was sealed off, and the antimony evaporator 

withdrawn to allow the tube to be sealed off the pump. The 

cathode was then turned over, putting the tube into the condition 

of an operational television camera. 
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CHAPTER 8  

A demountable, continuously  .pumped. tarcet 

testing apparatus. 

8.1 The value of a demountable monoscope as a test apparatus.  

It became clear that since the most important component 

of the new storage tube was the spongy target, development of 

the camera by the mere construction of a succession of tubes 

would be an. inefficient approach to the problem. It was therefore 

decided to construct a layer testing device, in which the target 

could be exposed to energetic primary electrons, and scanned 

with a low velocity beam to generate a video signal, just as in. 

a camera tube, but which provided the additional facility of being 

easily demountable to allow the target to be changed. Such an 

apparatus would permit the effect of varying target parameters 

to be readily assessed, as well as allowing experiments to be 

made on changing the deign of the scanning section. 

8.2 Design features of the demountable system. 

The construction of the apparatus is represented dia-

gramatically in fig. 8.1 and illustrated pictorially by the 

photograph, shown. as fig. 8.2. 
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The device consisted basicly of thrco separate sections, an 

E H T . flood gun, (1), a glass manifold, (2), and a scanning 

section, (3) 	The sections were held together by clamps, (4), 

assembled around flanges at the end of each section. A similar 

clamp, (5), held the whole system on to a gate valve, (6), which 

rested over the pumping port of a dural pump table, (7). 

Immediately under this pump table was a dural manifold, (8), 

which opened, either via a butterfly valve (9) to a mercury 

diffusion pump, (10), or to a roughing line, (11), which could 

be isolated by a stopcock. The roughing line could be pumped 

directly, or through a 9onttriction when slow pump out was 

required to protect the layer: 

The vacuum seals at all the ground glass faces of the flanges 

or at the various metal interfaces of the vacuum components were 

made by means of viton 101  rings. Aluminium support rings 

were turned out to prevent the 1 01  rings being sucked into the 

apparatus during pump down, in positions where an 1 0f ring 

seating was not provided. The use of viton ‘01  rings allowed 

the system to be baked up to 200°C, after which, vacuums of 

5 x 10-7 torr could be achieved. 
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8.3 The E.H.T. flood gun section. 

The E . H . T . flood gun consisted of a 0.001." tungsten 

filament and a modulator. The modulator was retained in a 

seating by grub screws, and could thus be easily removed to 

allow the filament to be replaced in case of burn-out. The 

ends of the hairpin filament were clamped into two blocks by 

10 S.A. screws. The flood gun was held at negative E.H.T. 

potentials, and the variable filament supply was derived from 

an emitter follower circuit, housed with its 6 volt accumulator 

supply in a perspex box. 

8.L4. The glass manifold. 

A cylindrical, stainless steel, wall anode, (12), was 

mounted on tungsten pins, sealed through the walls of the glass 

manifold. 	This wall anode was earthed and had holes cut 

into it opposite the pumping port and a side arm, leading to a 

conventional ion gauge, (13). An aperture in the end of this 

wan anode defined the beam of energetic electrons which passed 

on to the scanning section where the target was mounted. 

8.5 The scanning section. 

The electron optics of the scanning section were based on 

the miniature C.P.S. Emitron system, used in the storage tubes 
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described above, (chapter 7). 	Focusing and deflection were 

achieved by a standard solenoid and scanning yoke, (14). 

The gun itself was an E.M.I., low-wattage, high 

resolution vidicon gun, which could be plugged airectly into 

an internally mounted socket, (15). This allowed for easy 

gun replacement as the cathodes became poisoned. 

In the region between tb-4, cylindrical, vidicon gun, wall- 

anode and the platinized continuation of this anode, painted on 

the glass wall, was mounted alow-velocity flood gun, (16), 

insulated from the wall anode by mica strips. This flood gun 

consisted of a circular, 0.001" tungsten filament, mounted 

within a low voltage annular cup, which served to direct 

the electrons forward when the normal H.T. was applied 

to the wall anode. Being located behind the vidicon wall 

anode, the low voltage flood gun was screened from the scanning 

beam, so avoiding any defocusing effects. 

The mesh and target assembly, (17), was constructed 

as a unit with ceramic rods, glass spacers, and spot welded 

clips, by a similar method to that used in tube assembly ( §7.3). 

The unit was clipped in position, on to tungsten pins, sealed in 

the glass walls of the tube. 
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Between the target and the E.H.T. flood gun was mounted 

a stencil test pattern, (18). This consisted of a 0.001" sheet 

of copper foil, through which a Baum test-pattern(12)  

a diameter of 20 mm. had been etched by means of photo- 

resist techniques(87) . The half tone features of the pattern 

were, of course, not reproduced in the stencil, but the 

detail achieved in the resolution wedge, almost reached the 

definition at the fine end of the master pattern, i.e. bars 

were etched through the copper, down to resolutions corres- 

ponding to 20 line pairs/mm. 

The stencil was bolted into a stainless steel mount, (19), 

and clipped on to %)_ngsten pins, sealed in the glass wall of 

the scanning section so that the stencil was located about 5 mm. 

from the target. The uniform beam of electrons from the E.H.T. 

flood gun passed through the stencil, before encou4tering the 

target, so that these primary, energetic electrons have impressed 

spatial information to simulate electrons from a pattern on a 

photocathode, coming to focus on the target. 

8.6 Introduction of lavers into the tester. 

Whenever it was desired to change the layer in the test 

apparatus, the diffusion pump was isolated by means of the butterfly 
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valve (9), and a stop-cock on the backing line, while the rest 

of the apparatus was let down to dry argon via the roughing 

line. When full of argon at atmospheric pressure, the layer 

tester could be sealed by the gate valve, (6), and transferred 

to a dry-box. Here, the scanning section could be unciamped, 

allowing the stencil, (19), and target assembly, (17), to be 

unclipped from their tungsten, mounting pins. The old target 

which was secured to its mount by three 10 B.A. screws 

through the titanium mounting ring could be easily removed 

and replaced with a new one. The target assembly and 

stencil were then reclipped into the scanning section, which 

in turn, was resec-tred to the main body of the layer tester. 

The layer tester was then replaced over the pumping port, 

the roughing line flushed with dry argon, the gate valve opened, 

and the system reevacuated. 

8.7 Performance of the layer tester. 

The layer tester proved to be straightforward to operate, 

and functioned much as anticipated. A pictr.re, generated by 

the apparatus is given in fig. 8.3. 



FIG.8.3 PICTURE GENERATED BY TARGET TESTER 

OPERATED AT SLOW SCAN RATES. 
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It was possible to calibrate the primary current, 

reaching the target, in terms of current flowing to the stencil. 

This facilitated the measurement of target gain under operating, 

i.e. signal generating, conditions. 

The low voltage, flood-gun filament in the scanning section 

could be biased to a potential, just below the first cross-over 

of the target. This provided a means of target stabilization 

which did not interfere with signal generation, and which allowed 

the reading beam to be zoomed to probe small areas of the 

target, without the surrounding areas becoming unstable. 

Examination of the high resolution end of the test-pattern in 

this way, enabled resolutions corresponding to the stencil 

limit, i.e. 20 line pairs / mm. to be displayed as the primary 

current from the E.H.T. flood gun was increased. This 

was better than the limiting resolution of 15 line pairs / mm. 

which could be achieved in tubes, or in the layer tester when 

the target was fully scanned. The implications of this are 

discussed below ( § 10.7). 

The low-velocity, flood-gun also provided a method of 

measuring the potential excursions of the target. These could 
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be determined by observing the low velocity, flood-gun, filament 

bias potential at which the video signal corresponding to a 

particular highlight of interest just began to reduce. 

Although the target tester was essentially a monoscope, 

the primary image could be deflected across the target by means 

of a magnet, which gave an indication as to whether or not 

targets exhibited any appreciable lag. 

It is hoped that more sophisticated stencils will be 

made, which will provide information about the ability-  of the 

target to enable discrimination to be made between half-tones. 



223. 

CHAPTER 9. 

Electronic equipment, used in conjunction with 

the storage tube and layer testing apparatus. 

9.1 General. 

Most of the experimental work was carried out, using a 

closed circuit industrial television channel, very similar to the 

E.M.I. Channel, type 10270-C. This provided television 

wave forms, corresponding to an interlaced )+05 line system, 

running at 25 frames per second. The gun and scan supplies 

were fed from the industrial channel to the camera, mounted 

in a separate unit. The other voltages and currents, necessary 

to focus the tube, were fed to the camera unit from commercial 

stabilized power supplies, mounted in a separate rack. The 

overall system used, is illustrated in the block diagram, given 

in fig. 9.1. 

A system working at slow scan rates was also constructed, 

and fig. 9.2 shows a block diagram of this apparatus. The 

camera and layer tester, featured in figs. 9.1 and 9.2 

respectively could be .fairly easily interchanged. 

Much of the elk<rt-oxtic equipment was inherited from 

previous workers in the applied physics section, and has been 
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( described In their various theses 128, 140).  A few 

additional units and modifications were required for the operation 

of the new camera tube and the layer tasting apparatus. 

9.2 Conventional Scan-rate Equipment. 

The industrial channel, working at broadcast 'standards, 

provided an apparatus, generating an output video signal 

incorporating synch pulses. 	The video signal could thus be 

fed directly to a standard industrial monitor, without supplying 

separate synchronization.. 	This ready-made equipment, was 

of course, an invaluable piece of essential test gear, and it 

is perhaps looking a gift -horse in the mouth to suggest that 

the interlace and synch insertion features were unnecessary 

refinements and complications In an apparatus to be used for 

camera testing. 

A line selector enabled the video signal, corresponding 

to any chosen line to be monitorint. on an oscilloscope-. 

A frame selector was built which provided a facility for 

switching off the scanning beam by applying a negative voltage 

to the modulator. After a predetermined number of frames, the 

modulator was switched on by the leading edge of a frame trigger 

pulse, for a period of one frame, allowing read-off of the charge 
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Image, integrated on the target. The frame trigger pulse, 

used to hate the read off, could be gated by a manual control 

when it was required to integrate for more than 25 frames. 

9_,,3 The Camera.BLIg,222) 

The storage tube was mounted in an obsolete C.P.S. 

Emitron Camera unit, donated to the department by the B.B.C. 

This was considerably modified to accomodate the spongy 

potassium chloride target tube. The solenoid was lengthened 

and provision was made to introduce and decouple the various 

focusing and bias supplies required. 

The most useful feature of the precisely engineered 

B.B.C. camera box, retained after modification, was an optical 

focusing facility, provided by an external control, which allowed 

the solenoid complete with the tube and scanning yoke housed 

within, to be moved relative to the lens. 

9.4 Light Source. 

Test patterns in the form of 35 mm. transparent slides 

could be slipped into a slide holder, mounted at the front of a 

light-box, and uniformly illuminated from behind by a 25 watt 

tungsten filament lamp, located beyond a ground glass screen 



FIG.9.3 CAMERA AND LIGHT BOX 
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in the light box. .A.djustmpnt of the light level could be made by 

means of calibrated neutral density  filters, slipped into the slide 

holder, or by the relative rotation of two sheets of polaroid, 

mounted within the light box. The light box rested on a platform, 

whose height and level could be set by screw adjustments. 

Recently, a light tight cabinet has been made, to provide 

a housing for the light-box. This cabinet contains a single 

aperture for the camera lens, and it may be butted against 

the camera and secured by case caps, so that the tube is 

exposed only to illumination from the light box within the cabinet. 

This enables low light-level experiments to be carried out, 

while maintaining a high ambient illumination in the laboratory. 

Access to the light box is provided by a hinged lid, at the 

side of the cabinet. 

9.5 The slow-scan equipment. 

The system employed, used a frame scan with an 8 

second period, and a line scan of 50 Hz. This followed 

the practice adopted by Khan'
180)  and Mende(128),  and 

some of the time base circuits and amplifiers, built by these 

workers were incorporated into the author's equipment. 
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Use of a 50 Hz line frequency enabled line scan circuits 

to be built, which were direct copies of frame scan units, 

used in the conventional video equipment. However, the band-

width of 15 kHz differs from the optimum of 200 kHz, calculated 

above ( § 5.8) for a sytem, using a R 5559 valve as its 

first amplifying stage. The head amplifier was therefore 

designed around a different valve, the E 80 F, which is 

a very low noise pentode. The signal to noise in the output 

of this sytem was not amplifier limited, more noise being 

gcmerated in the parts of the signal corresponding to picture 

whites. 

A unit was built to generate the various 50 Hz pulses 

required, i.e. line trigger, clamp, suppression, and blackout 

pulses, synchronized with mains frequency. The tiame black-

out pulses were derived from the slow time-base unit. This 

consisted basicly, of a Miller integrator circuit, generating a 

linear ramp which was amplified to provide outputs, suitable 

for driving high impedance monitor scan coils and a low 

impedance camera yoke respectively. 	The monitor coils 

were supplied from the output, generated across the anodes 

of two power valves in a long-tail pair circuit, while a 



transistorized 1D.C. amplifier was usod to drive the camera 

coils. The monitor was an old radar tube with a long 

persistance (P 26) phosphor. 

1.6 Layer tester gun supply unit. 

A unit was built to supply the scanning gun in the 

layer tester which provided facilites for adjusting and monitoring 

all the electrode potentials. Provision was also made for 

measuring the cathode emission current as the filament voltage 

was varied from zero to 8 volts, enabling the gun supply 

to be used as a processing unit. This facility was important, 

as guns needed to be reprocessed, each time the system 

was pumped down. A connection was made, direct from the 

evaporated ahurLin3um signal plate of the layer to the imput of 

the head amplifier, so minimizing the stray capacity of the signal 

lead to earth. Bias across the target, which is set by the 

relative potentials of the scanning gun cathode and the signal 

plate, was varied by arranging for the complete gun electrode 

system to be adjusted by up to + 40 volts, relative to earth, 

additional provision being made on the gun supply unit to control 

and monitor this adjustment. 
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The photograph in fig 8_3 shows a picture generated 

by the layer tester when operated at slow scan rates. 
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CHAPTER 10 

Experimental work and results. 

10.1 Early tests on the transmission secondary emission 

properties of spongy potassium chloride targets.  

The author, working in collaboration with Rosenbloom, 

made measurements on the transmission secondary emission 

of potassium chloride films, using a gun tube whose construction 

is shown schematically in fig. 10.1. A beam of electrons from 

a hairpin filament gun (1), was accelerated and focused on to 

the film (2) . A magnetically controlled phosphor plate, (3) , 

was used to monitor the position and the sharpness of the 

electron image. When a sharply defined circle was observed 

on the phosphor, at about the centre of the target, the 

phosphor plate could be swung out of the beam, allowing the 

electrons to impinge directly on to the potassium chloride film, (2), 

where excited secondaries could be emitted and collected by the 

mesh (14.) . The accelerating and focusing electrodes, (5), and 

the guard rings (6) round the layer were platinum painted on 

to the glass, and electrical contact was made by means of 

platinum tape seals. A silver chloride sealed end plate (7), 

enabled the tube to be opened for the purpose of layer changing. 
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FIG.10.1 GUN TUBE FOR TESTING TRANSMISSION SECONDARY 
EMISSION PROPERTIES OF SPONGY POTASSIUM CHLORIDE 

LAYERS 

	.14 
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The currents flowing to the film were measured by means 

of an electrometer, and secondary emission was measured as a 

function of primary electron energy for various values of the 

mesh potential. 

Essentially, the same experiment was repeated on the 

first camera tube constructed, 	The only differences in the 

experimental procedure, lay in that an electro-magnetically focused 

primary electron beam, derived from a light spot on the photo-

cathode was used, and television monitoring replaced the 

swinging phosphor. The scanning beam was turned off when 

making measurements. 

The results of the two experiments are shown in figs 

10.2 and 10.3 respectively. The slight but definite differences 

in the two families of graphs cannot be readily accounted for, 

as both layers came from the same batch. The layer in the 

gun tube was baked to 200°C, while that in the camera tube 

experienced a photo-cathode processing baking cycle and this 

may account for the small differences In layer properties, 

observed, but a systematic investigation on the effects of baking 

targets has yet to be carried out. 
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The curves in figs 10.2 and 10.,3 illustrate that trans-

mission secondary emission gain increases monotonically with 

mesh potential, VM 	and adopts a maximum for primary 

electron energies of about 7 KeV. The dependance of secondary 

emission gain on mesh potential is an indication thatthe gain is 

strongly affected by field gradients;  existing across the layers. 

While the results indicate that spongy dynodes exhibit 

transmission secondary emission gains, of an order of 

magnitude higher than that of solid dynodes, it does not follow 

that a spongy layer will behave in the same way, when 

functioning as a camera tube target. In a pick-up tube, the 

field gradients which would build up across the insulating dynode 

as a result of secondary emission are countered by the stabilizing 

action of the scanning beam. 

10.2 Measurement of the transmission secondary emission 

of a target, operated under video signal generating  

conditions. 

In order to ascertain the transmission secondary emission 

gain of a spongy dynode, whose exit surface was stabilized by 

the action of a scanning beam, a 1.‘11sed light em?eriment was 

devized and set up as illustrated in fig. 10.l.. 
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The pick up tube was exposed to the light patch on the 

phosphor of a defocused cathode ray tube, which was swttched 

on, once a frame, for a period of 20 it sec. (Cline period) 

by means of a delayed pulse, initiated by the line selector. 

Since the cathode ray tube used for this experiment had a 

low persistance (P 16) phosphor, the pick-up tube received 

a sharp light pulse, once per frame, The video signal, 

corresponding to the line, embracing this pulse, was monitored 

on an oscilloscope, triggered from the line selector, and the 

observed features of this signal are indicated in fig. 10.4. 

The positive going pulse corresponded to the true video 

signal, resulting from the scanning of the charge image, stored 

on the target during exposure to the light pulse. The origin 

of the tinfra-black i pulse was the charghic_signal, generated 

by the pulse of electrons, arriving from the photo-cathode, and 

ejecting secondaries to the mesh from the reverse side of the 

layer. Overlapping of the two signals was avoided by 

appropriate positioning and timing of the light patch and pulse 

respectively. 

The transmission secondary emission gain of the scanned 

target was measured by observing thee charging signal pulse 
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height at various. accelerating voltages. rz otthActinrs. in the 

accelerating potential was accompanied by decreased secondary 

emission, and the video signal reduced to. noise level, while 

the charging current pulse reversed in sign to become a positive 

pulse, whose height ack.pted a flat maximum over the range of 

primary voltages, 1-3 Kv. This positive pulse height was 

taken as a measure of the primary current, delivered by the 

photocathode. Thus, the transmission secondary emission gain 

could be calculated, and plotted as a function of primary electron 

energy. 

It was possible to vary the potential gradient across 

the spongy layers, scanned with a low velocity beam, by altering 

the signal plate potential, Vsp, with respect to the scanning gun 

cathode potential. 

A series of measurements of transmission secondary 

emission gain were made for various signal plate potentials, and 

the results obtained are illustrated in fig. 10.5. 	The curves 

exhibit a flat maximum for primary energies in excess of 

7 to 8 keV. 	Fig. 10.6 illustrates the variation of T.S.E. 

gain with Vsp for 7 keV primaries. 
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10.3 Secondary Electron Conduction. 

While the curves in fig. 10.6 indicate that transmission 

secondary emission increases with decreasing signal plate 

potential, the total gain of the target was found to vary in the 

opposite way with signal plate potential. This was evidence 

for the existence of an additional mechanism, contributing to 

the signal generating process, which in some ways, appeared 

to be similar to the trans-target conduction effects, observed in 

tubes like the vidicon, ( §6.6) and ebicon ( §6.8), but no 

appreciable lag was observed to accompany the process, 

(see below §10.9), indicating that the process occurring was 

probably somewhat different to the solid-state conduction occurring 

in the earlier types of television camera. 

This was also observed by the Westinghouse workers( 63 ) 

who designated the process occurring in the spongy layer, 

Secondary Electron Conduction, (S.E.C.), and ascribed the 

phenomenon to secondary electrons, excited within the layer, 

migrating through the vacuum pores in the spongy potassium 

chloride under the influence of the internal field, existing in 

the layer. 
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The author moasuroci. th4) 	gain of the target, 

using the set-up illustrated in fig. 10.7. The tube was set up 

to generate a picture of a steady light patch, and the current 

flowing into the signal plate was measured on the electrometer. 

Since the time constant of the electrometer was much greater 

than one frame period, the contribution due to the effect of 

T.S.E. was not observed as this was cancelled by a charging 

current, flowing to the target from earth to replace the 

transmitted secondaries. The current registered on the electro- 

meter was thus the sum of the S.E.C. current, delivered 

to the target by the scanning beam, and the primary photo- 

current. By separately measuring the primary photo-current, 

the contribution to gain arising from S.E.C. was calculated. 

The results of this experiment are illustrated in figs. 

10.8 and 10,9, which show the variation of S.E.C. gain 

with primary electron energy and signal plate potential respectively, 

as the other parameter is kept constant. 

10.1+ 	Beam electron conduction. 

The author suggests that an additional contribution to 

signal vxxertztion may arise through a fraction of the scanning 

beam electrons enterEng, positively charged regions of an exposed 
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target, to move under the influence of the internal field, right 

to the signal plate. This process, which the author has termed, 

beam electron conduction, (B.E.C.) accounts for a number of 

phenomena observed in the tube. For example, the curve shown 

in fig. 10.9 exhibits an asymetry which can be explained by the 

fact that the measurements of S.E.C., described in §10.3 

included any contribution to the signal, arising from this B.E.C. 

mechanism. While any signal contribution, arising from true 

S.E.C. would be expected to be constant for any fixed field 

gradient, and therefore, just to change sign as the layer polarity 

is reversed, E.E.C. will only contribute to the signal, when 

the signal plate is held positive. 

It has also been noticed that an upper limit of 60 volts 

is set on the maximum signal plate potential that can be applied, 

since at higher signal plate potentials, scanning beam electrons 

will be accepted by the signal plate, even in the absence of 

primary photo-electrons. 

Thirdly, the B.E.C. mechanism helps to account for 

the spongy potassium chloride target,possessing an effective 

storage capacity, much larger than that which would be expected 

from the electrostatic capacity, calculated from geometric 
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considerations. Target capacity is discussed below ( § 10.9). 

Figs 10.10, 10,11 and 10.12 illustrate diagramatically, 

the processes believed to occur during signal generation. 

10.5 The total charge gain of a sponzr potassium chloride  

target. 

The curve given in fig. 10.13 illustrates the variation in 

the total charge gain of a spongy potassium chloride layer, with 

signal plate potential, showing the contributions arising from the 

T.S.E. and S.E.C. (embracing B.E.C.) mechanisms. The 

measurements were made for 7 keV primaries, and the layer 

measured exhibited a higher gain than those studied to obtain the 

results illustrated in figs 10.6 and 10.9. 	Recently, layers 

have been made with gains as high as 200, when operated with 

Vs.p.. at 20 volts. 

It is difficult to account for the variations in target properties, 

for layers prepared by apparently identical methods. A possible 

source of the variations could lie in the humidity of the 

atmospheres to which the layers were exposed, a parameter 

which may have been inadequately controlled in tube construction 

until very recently. 	The layers used to be removed from their 

storage desiccator, after the dry box in which assembly was to 
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MECHANISM OF SIGNAL GENERATION IN  
DIFFUSE KCl LAYER OF CAMERA  (2) 
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FIG. 10.12 MECHANISM OF SIGNAL GENERATION IN  
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be carried out had been dried, with froth phosphoru5 pentoxide 

for about an hour. The fact that further phosphorus pentoxide, 

emptied into petrie dishes in the dry-box at this stage remained 

white and powdery, was taken as evidence that the chamber was 

sufficiently dry. However, a recently acquired humidity meter, 

manufactured by Shaw of Bradford, capable of monitoring dew 

points in the range - 20°C to - 50°C, has indicated that drying 

times of much longer than one hour, enable very much drier 

conditions to be realized. At time of writing, the author has 

insufficient evidence to make any conclusive statement as to how 

far, target performance may be improved by improving the dryness 

of the atmospheres to which the layers are exposed. 

10.6 Sipnal transfer characteristics of the tube.  

The variation in the video signal, generated by the tube 

with signal plate potential for four different values of light 

intensity is illustrated in fig. 10.14. These show that the gain 

of a spongy potassium chloride target is strongly dependent on 

the potential gradient across the layer. However, as stored charge 

builds up in a layer during exposure, the field gradient, 

and hence the layer gain will vary, resulting in the tube exhibiting 

a non-linear transfer characteristic. 	This is shown in 
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fig. 10.15, which gives transfer characteristics of the tube for 

various signal plate potentials. 

For tubes run with positive signal plates, the build up 

of charge during exposure is such as to reduce the gain, so 

that the gamma is less than unity, while the converse is the 

case for tubes run with negative signal plates. The curves 

in fig. 10.15 do not obey a simple power law, so that a unique 

value of gamma cannot be associated with each value of signal 

plate potential. 

10.7 Modulation transfer characteristic of the tube. 

While the spongy potassium chloride target enables very 

high gains to be realized, this advantage is off-set by the 

relatively poor resolution the tube is capable of achieving. 

Early measurements of the modulation transfer characteristics 

were made, using photographic bar-test-patterns. These had 

to be micro-photometered, prior to use, to allow correction to 

be made for the non-opacity of the photographic black bars. 

Later measurements of modulation transfer characteristic 

were made, using fully modulated test patterns, prepared by 

etching bar patterns in 0.001" copper foil, using photo-resist 

techniques(87) . A modulation transfer characteristic is shown 
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in fig. 10.16. 

The various causes of loss of definition in television camera 

tubes were reviewed above ( § 5.3). It was shown on 

theoretical grounds that the image section, designed for the 

spongy potassium chloride layer tube was capable of realizing 

very high definitions (see appendix A.1), and was therefore, 

unlikely to account for the resolution limit, actually observed. 

In order to confirm the adequacy of the electron optics 

of the imag e stage, and to investigate the effect of scanning field 

leakage, an image tube was constructed, identical to the image 

section of the camera tube, but the tube was terminated with 

a phosphor and an optically flat end window, (see fig. 10.17) 

instead of the spongy target and scanning gun. The tube was 

mounted in a solenoid, including a scanning yoke which occupied 

the same position, relative to the image section, as it would in 

a conventional camera tube. The system was focused on to a 

test pattern, using the same fields as those normally used in 

the camera tube. (V = 7 kV, B 6.7 milli tesla), and 

the image formed on the phosphor was observed through a 

microscope (see fig. 10.18). The limiting resolution of the 

image, observed in the absence of scanning fields was 80 line pairs 
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per mm. 	This approaches the resolution limit of the phosphor(1) 

When the scanning fields were turned on, the definition was 

observed to drop to 50 line pairs per mm. Figs. 10.19 and 

10.20 show the images observed with and without scanning 

fields. While this clearly demonstrated that scanning field leakage 

did degrade resolution in the image section, the definition observed 

on the image tube, even with applied scanning fields, was 

sufficiently better than that obtained in a. storage tube, to exonerate 

the image section from being a source of definition loss. 

It is not so easy to distinguish between resolution losses, 

caused either by target properties, or by a poorly focused 

scanning beam. 	Replacing the target with a metallic test 

pattern or a very thin target would not provide a conclusive 

test, as the change in surface potential of a standard target 

as it is discharged during a sipgle frame, affects the focus 

of the low velocity scanning beam. 	However, evidence indicating 

the source of definition loss, was provided by observations 

on a tube, constructed with a target to ion-trap mesh spacing 

of somewhat less than 1 mm. 	While difficulties were 

experienced in focusing the gun section of this tube, without 

bringing the mesh into view at the edges of the picture, the 



FIG.10.18 OBSERVATION OF THE EFFECT OF SCANNING FIELDS 
ON THE RESOLUTION OF THE IMAGE STAGE 

vzzrzzzzzmzmzzrzzzzzzA  
K•74 KIK•:•7•7•747•70111,11 

,7•70:•7070:•746747•:•,.. 
/ L/1117_1Z 	Z LLLI__ Z 7_ ZZA 

	 E.H.T. 

PROJECTOR 	 SOLENOID AND IMAGE TUBE 	SCANNING YOKE AND MICROSCOPE 



FIG.10.19 IMAGE ON PHOSPHOR WITHOUT APPLIED 
SCANNING FIELDS 

FIG.10.20 IMAGE ON PHOSPHOR WITH APPLIED 

SCANNING FIELDS 



263. 

strong target to mesh fiold assisted in obtaining a finely focused 

scanning spot(100) 	The picture, generated by this tube when 

the focus controls were set to give the best attainable gun 

definition was observed to momentarily brighten up every few 

seconds, this bright up being accompanied by an apparent jump 

of the picture. This effect was interpreted as arising from the 

scanning spot being sufficiently small to leave regions of un-

discharged target between scan lines. Charge was integrated 

in these interscan regions, until they reached a potential, high 

enough to pull the beam right on to themselves, generating the 

occasional bright and slightly shifted images. Image jumping 

could be prevented by slightly defocusing the gun section. 

For image jumping to occur, the size of the scanning 

spot would have to be less than the separation of scan lines 

on the target (40 /Um.). 	The limiting definition of 15 line 

pairs per mm., achieved on this tube, was however, no 

better than that obtained in tubes with larger target to mesh 

spacings, where it was not possible to operate them with 

such a finely focused spot.. From this observation, it was 

concluded that processes occurring in the target were responsible 

for the resolution loss, rather than the loss being the result of 
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a poorly defined scanning spot. 

Since images may be stored for periods of several days 

without further loss in definition, charge leakage must clearly 

be ruled out as an explanation of the low resolution, and it 

would appear that primary photo-electrons must undergo 

considerable scattering in their passage through the 10/4 m. 

layer to produce a charge image, corresponding to a light 

point on the photo-cathode, greater than 1+0/4m. in diameter. 

Layers of thicknesses, ranging between 5, m. and 20,4-m. 

all seem to exhibit the same resolution limit, and so far, 

measurements have not been made on layers outside this range. 

Using the low velocity flood gun to stabilize unscanned 

regions of the target ( see § 8.7), it was possible to zoom 

up an image, generated in the layer tester, to display pictures 

with definitions better than 20 line pairs per mm., this limit 

being set by the stencil in the layer tester. In order for this 

improved spatial definition to be observed, the primary current 

from the E.H.T. flood gun had to be increased from the level 

used for a fully scanned target. This primary current could 

be increased without causing overload, as zooming the picture 

had effectively increased the available scanning current per unit 
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area of target surface, and in the author's opinion, the 

improvement in resolution was due to the apparently increased 

scanning current allowing the generation of signals, able to 

override the amplifier noise, from regions in the target 

corresponding to high, spatial definition. This supports the 

author's contention ( §2.4) that the property, limiting resolution, 

commonly used in the literature to specify the performance on 

an image detecting device, is not a specially valuable concept, 

as it is not usually precisely defined in terms of a definite 

criterion. 

10.8 Operation of the tube, using a high velocity scanning 

beam. 

While it is well known that scanning with a high velocity 

beam introduces undesirable spurious signals, ( § 5.2 (a) ), 

certain advantages may be derived from the use of high velocity 

scanning beams, since they are more easily focused than 

slow electrons, and target instability is obviated. The feasibility 

of this mode of operation was therefore tested by switching the 

signal plate potential from a voltage which could be adjusted 

relative to the gun cathode to one, adjustable relative to the 

ion trap mesh, which defined the new target surface stabilization 
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potential. A photograph of the typo of picture obtained is shown 

in fig. 10.21. The image could be zoomed at will, with no 

fear of instability occurring in the unscanned regions of the 

target, but this advantage was off-set by the poor quality of 

the pictures. No impreovement in definition was observed 

over that obtained with a low velocity scanning beam, which 

is in agreement with the conclusion that the loss in definition 

was due to target properties, rather than to the scanning 

spot profile ( §10.7). When operated in the high velocity mode, 

considerable spurious signals were generated by an effect, 

discussed above, (see §10.1.) by which the scanning beam 

entered . the target to reach the signal plate, even in =exposed 

regions of target. This effect was masked as far as possible 

in fig. 10.21, by means of the main amplifier lift control. 

10.9 Target Capacity and Lag. 

While undesirable discharge lag has been observed in 

camera tubes, incorporating thin (P,-- 5/A.m.) spongy targets, 

operating at conventional frame rates, the thicker layers 

(,•/10/hm.) were found to be free from any serious. lag. 

Qualitative assessments of lag were made by observing moving 

images with the camera tubes, or by magnetically deflecting 
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the primary electron beam in the layer teeter. An arrangement 

used to monitor build up and decay lag is illustrated in fig. 

10.22. Two Tectronix oscilloscopes were used for this 

experiment. Time base B, of a Tectronix 51+5 A oscilloscope 

(scope 1) was triggered by a line selector to monitor the video 

signal, corresponding to a selected line. A highlight from 

this line was selected by using the delay facility to trigger 

time batie A at a suitable interval after the initiation. of time 

base B. 	The scope allowed the selected highlight, corresponding 

to the period of time base A to be monitored as an intensified 

portion of the line trace. A gating pulse, corresponding to 

time base A, was used to brighten up a Tectronix 551 oscillos- 

cope, (scope 2), whose time base was set to run at a rate of 

the order of one second. I Scope 2 was set to monitor the 

D .0 . level of the video signal which could be observed once our 

frame during the bright-up period. 	The display on 'Scope 2 

thus enabled the build-up and decay of the signal to be monitored 

as the light source to which the tube was exposed, was turned 

on and off. Observations made for signal currents between 

0.1 and 0.3 i/A, and for signal plate potentials between -5 
and +20 volts, indicated that the decay and build up processes 
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were completed, certainly within 2 frames. 

The experiment described here, used a manually operated, 

tungsten filament lamp, which was of course, a very unsatisfactory 

light source for this experiment. Owing to the heavy demands 

on oscilloscopes in the department, the author has not reset-up 

the experiment, using a triggered light source to obtain more 

precise data on lag. It can be said however, that lag is 

within the limit required for entertainment applications. 

While the target capacity is low enough to avoid discharge 

lag, it is high enough in a good target to enable peak white signals 

of 0.3/ AA to be generated at conventional scan rates. This 

corresponds to a total target storage capacity of 7.5 x 1010 

electrons. Now the electrostatic capacity of a 10/i IT1. thick 

layer, with dielectric constant unity, and area 20 mm by 15 mm. 

is 300 pF. 7.5 x 1010 electrons stored on this capacity would 

correspond to a potential rise of 25 volts. An experiment was 

carried out to measure the potential excursions actually experienced 

by the target surface. 

First, the exposure required to charge the target to peak 

white was ascertained by observing on an oscilloscope, the 

transient signals generated as the scanning beam was switched on 
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for one frame to discharge a target which had been exposed 

to a faint primary electron flux for varying periods. The 

unscanned target wr..s then exposed for a period which would 

charge it to peak-white level, and the signal plate potential 

was retarded by a known amount before turning on the scanning 

beam for a single frame. The monitor was observed for any 

signal generated. The experiment was repeated with gradually 

increasing signal plate potential retardations, until the absence 

of any signal generation, indicated that the rise in target surface 

potential had been exactly compensated by the lowering of the 

signal plate voltage. This rather tedious experiment showed 

that a peak white signal corresponded to an 8 volt potential 

excursion of the target. 

A more elegant experiment was carried out on the layer 

tester to confirm this result. A line, embracing a highlight, 

corresponding to a peak-white signal, generated by the test 

apparatus, was selected and monitored on an oscilloscope. 

The bias on the low velocity flood gun( see § 8.5) was then 

gradually reduced from a value, well above the scanning gun 

cathode potential, until the signal displayed on the oscilloscope 

started to drop, indicating that the flood gun cathode was at 
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target highlight potential. The result obtninecl b r thin experiment 

was in agreement with the figure of 8 volto measured in devices 

without low velocity flood guns. 	The discrepancy between the 

measured and calnulated values for the potential excursions 

experienced by a fully charged target, indicates that a model 

which assumes all the charge to be stored on the target surface 

is inadequate, and thus, provides evidence in support of the 

mechanisms of signal generation, described above ( §s 10.2, 

10.3 and 10.4).  These postulate the storage of charge within 

the layer, and suggest a further increase in the effective capacity 

of the layer through the B.E.C. process. 

For long term integration experiments, lag is unimportant, 

and slow speed read out would enable a much larger target 

capacity to be exploited with advantage. Work is at present 

in hand in the applied physics section of Imperial College to 

investigate techniques of manufacturing high gain, high capacity, 

spongy targets. 

10.10 Target Overload. 

The instability of the target against light overload was 

imentioned above, ( §7.2+ (d) ). The cross-over potentials 

of targets have been measured by advancing the potential of 
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the signal plate of an unscanned, discharged target by successively 

increasing potentials, until a point was reached where infra-

black s  signals were generated on turning on the scanning beam. 

This indicated that the target potential had been raised beyond 

its first cross-over point, f3nd was operating under conditions 

of anode potential stabilization. First cross-over potential 

was found to occur at between 12 and 20 volts for various layers. 

It anode potential stabilization conditions were established 

with the mesh held at much above 100 volts positive with respect 

to the signal plate, dielectric break-down of the layer occurred, 

leaving a punctured and permanently damaged target. 

Areas of the target which have been overloaded and run 

under anode potential stabilization conditions have exhibited a 

temporary burn-in, these regions displaying enhanced sensitivity. 

Owing to the risk of layer damage however, uniform over-

loading has not been exploited as a. technique for super-

sensitizing the layer.. 

The tendency of the target to revert to anode potential 

stabilization conditions represents a serious inherent defect in 

the target. Two methods of combatting this defect have been 

tried out so far, the use of a low velocity, flood-gun, biassed 



just below the first cross °vox- potential (see §8.5) and the use 

of a stabilizer mesh. The flood gun does not give 100% 

protection against large overloads, but the stabilizer mesh 

provides an adequate safeguard. Technological difficulties do 

exist however, in mounting this mesh sufficiently close to the 

target to attain good definition, as the unbaked target is slack 

and floppy at the assembly stage, making it prone to touch 

against any closely spaced electrode. In the tube constructed 

in the applied physics section which incorporated a stabilizer 

mesh, spaced at a distance of 0.010" by mica washers, the 

target and the mesh actually touched during assembly, resulting 

in traces of potassium chloride adhering to the mesh. This 

resulted in the generation of poor quality although stable pictures 

by this particular tube. 

10.11 The creation of colour centres in the target. 

The demountable test apparatus described in chapter 8 

is essentially a monoscope, and layers, removed from this 

after testing, were noted to exhibit a faint, pink pattern, 

corresponding to the test pattern, etched in the stencil. This 

was noticed most strongly in a layer that had been frequently 

overloaded during testing. The breakdown processes, occuring 
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during overload, may-  be more significant in changing the 

structure of potassium chloride, than the phenomena, associated 

with normal signal generation, and on this evidence, it cannot 

be conclusively stated how effective are the 7 keV primary 

electrons in the creation of colour centres. It can be said 

that over a period of months, no significant change in target 

property occur, provided overloading is avoided. This shows 

that the normal flux of 7 keV photo-electrons, to which the 

target is exposed, does not seriously alter its structure. 
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CHAPTER 11  

CONCLUSIONS 

Spongy potassium chloride layers have been shown to 

possess many desirable properties which may be exploited with 

advantage when used as the targets of television camera tubes. 

In particular, the exceptional gain and insulation of these layers 

make them suitable for faint image detection by charge integration 

when incorporated in a suitably designed storage tube. 

Figs. 11.1 and 11.2 show the quantum efficiency and image 

information recording efficiency of the spongy potassium chloride 

target tube as a function of image detail, concepts discussed at 

the beginning of this thesis ( §5,2.3 and 2.7). These curves 

were calculated. for optimum apiplifier bandwidth (see § 5.8) and 

assume a 20% quantum efficiency for the photo-cathode. Figures 

of 100 for target gain and 7 x 1010 electrons for the total storage 

capacity of the target were used, these being typical values, 

measured by the author. The modulation transfer characteristic 

shown in fig. 10.16 was used in making the calculations. 

Figs. 11.1 and 11.2 may be compared with the corresponding 

curves, (figs 6.9 and 6.10), calculated by the author for 

estabilished camera tubes, reviewed earlier in this thesis (chap.6). 
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In its present state, the spongy target camera tube 

does not yet represent a camera, which universally supercedes 

all existing pick-up tubes. However, in the author's opinion, 

it is potentially capable of development to become a device, which 

besides its unique long term storage ability, could compete with 

Image orthicons in the field of broadcasting. The major defect 

of the tube at present, arises from target properties which limit 

the ability of the tube to resolve fine detail. The targets used 

at present are less than one quarter the size of those used in 

the image orthicon or C.P.S. Emitron, and future technological 

development may enable tubes to be constructed, incorporating 

much larger spongy targets, so improving definition in terms 

of television lines. However, the author's experience in the 

preparation and handling of these spongy layers does not allow 

him to underestimate the problems associated with increasing 

their dimensions. 

For cameras to be used exclusively for the detection 

of faint low-contrast static imagers, read out would be at slow 

rates. Improvement in the existing camera would therefore be 

realized if higher capacity spongy targets could be developed, 

provided that this was not achieved at the expense of target gain. 
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APPENDIX A. 

A.1 Spatial destribution of photo-electrons in the image plane 

of an electron magnetically focused system. 

Figs. A1.1 and A1.2 represent the motions of a photo-

electron in the rotating meridional plage and in the advancing 

equatorial plane of a system focused by the action of uniform 

electrostatic and magnetic fields, Ee  and B, applied normal 

to the photocathode. The electron is emitted from the photo-

cathode with a velocity Vern  at an angle, 8, to the normal. 

A target is located a distance 	from the cathode, at a 

potential V 	Eei ) • 
	In general, the electron will 

strike the target at a distance r from the axis of the system 

The value of r may be calculated as follows :-. 

Let 	VT 	
be the energy in volts, corresponding 

to a velocity Vem. 

th7c 	be the cyclotron frequency. 

Rc 	be the radius of the (31P-Mh°31 orbit in 

the equatorial plane. 

63c 	= 	rri B 	 (A1.1) 

Rc 	= 	6-, Ven, 4(.419 	 (A1.2) 

em 	= /12 A V, 	 (A1.3 ) . 
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Vernsin0 

E 
B 

PHOTOCATHODE TARGET AT POTENTIAL V 

FIGA1.1 ELECTRON MOTION IN ROTATING MERIDIONAL PLANE OF AN 
ELECTRO-N.AGNETICALLY FOCUSED SYSTEM 

FIG.A1.2 ELECTRON MOTION IN ADVANCING EQUATORIAL PLANE OF AN 
ELECTRO-MAGNthICALLY FOCUSED SYSTEM 

FIG.A1.3 IMAGE PLANE MARKED OUT INTO ANNULI FOR WHICH ARE SUMMED 
CONTRIBUTIONS TO THE ELECTRON DISTRIBUTION RESULTING FROM 
PHOTOELECTRONS LIBERATED FROM A POINT ON THE PHOTOCATHODE. 



tJ f [ 1 4. flyci„.  
t , of the electron is,given by 

U  Mean 

The time of flight, 

(A1.4) 

280: 

Since the electron is uniformly-  accelerated, the mean 

axial velocity of the electron, Umean 	is given by :-- 

Mean = Ve►ri cos + 42-A {v-pyril 

 

leV 
'V 2m 	 \Tx—c40-1-(14-Yvz]±} 	fr om (A1.3) 

42ni 	co5 	+ vV1-: 
V 

eV 
since 

  

V >-'/  
l VT 

U m  ean  

Vey, { 	-47:64z6)} 

±1/NT c"] 

where 



2 8 1 . 

Now from fig. Al.2, the diacram rnnr‘w3c•rating the electron 

motion in the advancing equatorial plane, it can be seen that -r 

will be given by :- 

= 2 Rc 	sin 	t) 	(A1.7) 

The radial aberration In the focal plane of the system 

under consideration is obtained by substituting in Eq. (Al.?) 

the values of Re  and t , given by Eqs. (A1.2), (A1.3) 

and 	(Al . 5) 

2 
( 4. ;I:  co5 9) 4-fr- { 	4)   

r . 	4),  V-2  * V,. 4ein P A 
.2 I 

im 	  (Al . 8) 

A computor may be programmed to systematically scan 

through all angles of emission, A, between 0 and 1 Tr in 

steps of a. specified increment, SQ, and for each angle considered, 

a scan may be made through all energies of emission, v, between 

0 and V,. max, in specified increments of SV, . 	For each 

combination of energy and angle of emission, the radial aberration, 

r , 	may be calculated, using eq (A1.8). 	The spread 

associated with the assessment of y at each stage, + 8 r;  

given by : 
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)11; so + .)/- gy 
r  

2, v2  e V
T  4̀'9 4;42.4 cco9)) 

÷V21- VT zele[69 (2.(11- Ra06)))1[,;(14-1-,)f- asne)212a44}S19  

± 	prevr -4i4/194/m[20+17c,,39)  

44410.)(17--U{o+lia„,r1m. 	c0,9}sv, 

Defining 
	

i(V7,9) 	
1 ÷ ,s/IC ari B 

= 	 Yr ce3s 44;71(i 0:Ft.  ( VT, 0)) 

+V2 	VT  4679 cod)(1 Ti  NT, 1421; vce,9 'N9)2  1S19 

{GTE  t12 hievr deit;r76) 4(40 43,,1 ; 1(1/7, o)) 

+ 	AV, .o 19 col(1411; (v1,0))T1/v1\-cr  ccoN p4,9101. 

{A;.q} 
Now the image plane under consideration may be marked 

off in annuli, centred on the Gaussian image, and of radii, Rt, 



28'1. 

which increase in equal steps of 8 Rt. (zoo fig. A1.3) 

S Rt is chosen to be at least an order of magnitude less than 

the maximum realizable value of r 

Let n ( 9 ) and n 	T ) represent the ordinates of 

the particular angular and energy distributions for the photo 

electrons in question. 

For each value of 9 and VT- 	successively selected 

as the computer proceeds on its scan, a value of r may be 

calculated using Eq. (Al.?). This identifies an annulus, for 

which :- 

1Rt 

into which ring fall n (9)  0. 	( V, S VT  photo-electrons. 

A progessive total of all such contributions may be stored 

in locations, reserved for each value of Rt,  enabling a resultant 

electron density distribution to be printed out as the computor 

completes its scan. 	It is important that the values specified 

for 	SO 	and 	SV.,. should be sufficiently small, that the 

value of 8r given by Eq. (A1.9) should be much less than 

8 Rt. 
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This outlines the principles on which a programme was 

written to determine the electron distributions which may be 

obtained in the image plane of an electro-magnetically focussed 

system. 

The programme was run on the Imperial College I,B.M. 

7090 machine. The data used corresponded to the operating 

conditions of the camera tube, described in this thesis. 

i.e. 	B 	= 	6.77 	milli tesla 

V 	= 	7.000 	IC volts 

Electron distributions were obtained for a series of image 

planes, spaced at 0.1 mm intervals from 

0.1300 m. (the focal plane for electrons 

with zero axial velocity of 

emission). 

to 	 0.1322 m. 

A Lambertian angular distribution was assumed(75) , and 

the energy distribution used was that measured by Shalabutoo 

et al. (162) 

The specified increments in angle and energy of emission 

were 

S9 = 0.01 radians 

SVT 0.01 volts 
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FIG. A1.4 DISTRIBUTION OF PHOTO-ELECTRONS AT 
DIFFERENT PLANES ALONG THE AXIS OF THE 

SYSTEM NEAR TO THE IDEAL FOCUS 

1 in mm. 
a 130.0 
b 1302 
c 1304 
d 130.6 
e 130.8 
f 130.9 
g 131.0 
h 131.1 

4 	8 	12 	16 	20 	24 	28 	32 	36 
RADIUS FROM IDEAL FOCUS pm. 
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FIG.A1.5 DISTRIBUTION OF PHOTO-ELECTRONS AT 
DIFFERENT PLANES ALONG THE AXIS OF THE 

SYSTEM NEAR TO THE IDEAL FOCUS 
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(7)  160 
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< 
rz 

100 

1- 
80 

z 
Lu 
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z 
0 
cc 
o 1- 40 
Lu _1 
Lu 

2 0 

I in mm 
h 1311 
i 131.3 
j 131.5 
k 131.7 
1 131.9 
m 1320 
n 1321 

0 1322 

2 	4 	6 	8 	10 	12 	14 	16 	18 
RADIUS FROM IDEAL FOCUS pm. 
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The distribution in the image plane was obtained by 

considering the electrons falling in rings bounded by circles of 

radii differing by liA m. 

i.e. 
	SRt  = 	0-6  m. 

The results obtained on running this programme are 

shown in figs. A1.4 and A1.5. 

A.2 	Degradation of signal occuring during the creation 

of a charge image in an insulating target by 

secondary emission. 

Mandel(105) has shown that if a primary quantum gives 

rise to 	secondaries, where 	is a stochastic variate 

incident particles, making independent interactions will give 

rise to /( secondaries so that :- 

	

.6./64 = 	- /rA 
2. 	

(A2.1) 

/6( 	= 	v 	 (A2 2) 

22 )  ± v dal 
	

(A2.3) 

These relationships hold for any probability distributions 

of V and 	, and may be applied to the interactions occuring 

at the photo-cathode and storage surface of the system, illustrated 

in Fig 5.2 
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If the mean number of photons, falling on a cathode of 

sensitivity ) 	for an individual photon)in a specified time 

interval is P, we may use eq. (A2.2) to give the mean number 

of liberated photo-electrons, Ile 

.rt e  = P 0- 
	 (A2.4) 

The distribution of P will be Poissonian.(104) , so that 

A P = P 	 (A2.5) 

It may be assumed that there is zero probability of more 

than one electron being emitted by an incident photon, so that 

the distribution p ( o-  ) of cr will be of the form 

p (I) ... 	Cr 

to (0) . 	I 1 — cr- 

p (a-> 1) = 0 

Using eq. (A2.1) 

So- 

 

- 2. 
- Cr a' 

 

C:5:27) (Cr) - 	2..  

 

  

7_ 
Cr (A2.6) 

..trbstituting (A2. 5 ) and (A2.6) In (A2.3). 
46,2:  ne. = c3-2  5- + 	0- — 

r, e 	P 	 (A2.7) 
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Considering now the inteL-0.Q,d.-->rx 	t:17t= storage surface, 

	

gain ge  ( = 	1, where S is the secondary emission 

coefficient), the mean numbers of emitted secondaries, lir  

and stored electron charges, -ri s  , will respectively be given 

from Eq. (A2.2) as 

	

-n 	 e.  

   

s  

Je ns' 
From Eq. (A2.4), these become 

-rit 	....___. 1 T T3. - 	 :A::: : A  

-rs  . V5cr 	(T, )DO: 

From Eq. (A2.3), we may write for Nrit  the mean square 

fluctuation in the transmitted secondaries 

nt (A2.10) 

L Now the mean square fluctuation in the stored charge, 

will be given by the sum of the mean square fluctuations in the 

incident primary beam and the emitted secondaries. i.e. 

Q2nt  4  LY- Yle  

from Eqs. (A2.4), (A2.7) and (A2.10), this becomes :- 

  

P 	p Lys A Z ris  

ans 	 + 

  

 

(A2.11) 
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Ego, (A2.9) and (A2.11) enablo xis to calculate an expression 

for the noise to signal ratio in the stored charge. 

   

 

Pci-iS z4  I 4  as1  
[(-§--1) p  CJs  

 

\A z 	fr+i +  

  

 

,,A2.12) 

     

      

A knowledge of the statistics pertaining to the secondary emission 

process would enable further simplification of Eq. (A2.12) 

Noiseless multiplication. 

For noiseless multiplication, i e 	is a constant, 

ALS = 

Eq. (A2.12) then reduces to the following. 

acr 
rc—t + r-frcr 

Ns  z 	I --H(.4-slr 
s 	P 

(A2 .13 ) 

   

For large s 

S 
Eqs. (A2.4) and 

 

1 

 

(A2.14) 
p cr 

(A2.9) enable us to write as alternative 

expressions 
Ns  2. 	1 	 9e 	 (A2.15) 

{S 1 	 .71s 
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_Lb) 
 

Poissonian statistics of secondary emission.  

If g conforms to a Poissonian distribution 

Eq. (A2.12) then becomes 	_ 7..  

N:17- 
5 	

[ 	4 S + 11 
C Y-1 r T5  a 

    

  

- )2. 	 (A2.16) 
P a. 

For large 	this approximates to the expressions given in 

Eqs. (A2.14) and (A2.15), derived for the case of noiseless 

multiplication. 

_cc) Exponential statistics of secondary emission. 

Exponential statistics have been observed to apply for 

transmission secondary emission through thin solid potassium 

chloride dynodes( 45) 

For an exponential distribution, 
2_ 

Eq. (A2.12) then becomes :- 
11131,12- 	= 
5 	

2:Ez  
r 

For large S. 

P1-12 	
2_  

5 	 ID cr 
Eqs. (.4.i)  and (A2.9) en6;ble us to write as alternative 

expressions 

N5 2-
L s  

2_ 

(A2.17) 

(A2.18) 
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A3 Noise as  a function of bandwidth (scanning speed) 

in a video amplifier. 

The diagram shown ta Fig. 5.3 represents the signal 

plate of storage tube target, coupled to the input of a head 

amplifier. 	The processes occurring, to generate the signal 

were described in § 5.6. From the relationships expressed 

by Eqs. (5.3) and (5.4), we may write for the signal current, 

is  = 2M, n e fe 	 (A3.1) 

As this current flows through the input impedance 2 

of the head amplifier, a signal voltage Vi  is developed at the 

grid of the first valve, given by : - 

Vi 	= 	is  2 	 (A3 . 2) 
K 

This is multiplied by the gain of the amplifier, 2 ' 

generating an output signal voltage, Vo, given by :- 

K 
Vo  = 2 Vi 	 (A3.3) 

Equations (A3.1), (A3.2) and (A3.3) combine to 

give for Vo  

Vo 	= 	K M, )15  e fg 	(A3.4) 
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Let us now consider the re3attlro nontributions, arising 

from the principal noise sources. 

a. Johnson noise  

The thermal or Johnson noise of grid resistor R may 

be regarded as arising from a source, generating a mean square 

noise voltage, VR given by 

   

v: 
	

4kTRoiF 
	

(A3 . 5) 

This is attenuated by the stray capacitance Cs, so 

that the actual mean square noise voltage, appearing at the grid 

Y; 
	

1 R + 	`J4) Cs 

of the head amplifier, 

Vz  

is given by :- 

1I ji3C5  

VZ  
vR1  

 

R 2dc 1  (A3.6) 



u s. 

V oR 

\/ OR 
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Substituting for 	from (A3.5) we have :- 

4kTRdF  
R2  AY -  C: t-  I 

4 kTR dF 
I -1-  4 T7' fa Cs RL 

This is amplified by a factor 2, so that on integrating 

over the amplifier band-width, 

contribution, v2- 
OR 	to the total mean square output noise voltage : - 

	

1"5 	4kTR df  . 
0 1 il 

2  

1 -+ 4171f 2 C:R 2 

= 	f: 5  l<21Rr. ÷ 4/7TC4  I  1_44kaTr c: R2. ca  

	

. IFB 	4 l<7.  i<T f-,,  
R 

4 1<2  k Tfe, 
R 	 (A3.8) 

The mean square noise to signal ratio due to Johnson 

noise NR is thuz given. from Eqs . (A3.4.) and (A3.8) as 
3 	2_  
[ OR:  

Si
N,  

voz 
4 T 

4K= MM n;eaF,, R 

VR (A3.7) 

we obtain for the thermal noise 

[sJz  
kT 

(A3.9) 

 

R 
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b. Grid current shot noise. 

The grid of the first valve of the head amplifier passes 

a certain amount of current whose fluctuations cannot be 

neglected. 

Let ig  be the grid current, then :- 

Mean square grid current fluctuations = 2eigdf 

These fluctuations are treated by the grid circuit and the 

amplifier in the same way as signal current, so that the grid 

current noise contribution to the mean square output noise 

voltage, Vz or, is given by :- 

U2z  '= 116  1114  e I:5  c)1  

V 2-  OG 	= 2 K 4  e 11  f3 

The mean square noise to signal ratio { 6' 1\   arising     

from this source is thus given from Eqs. (A3.4) and (A3.10) 

by :- U 2. 
V 06. 

2. 
VO 

 

 

2K2- e_i3 f  
4K1M: 

[NGr 
5 2 Mr: s 

 

(A3.11) 

 

(A3.10) 



OA v . 
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c. Anode current shot noise. 

This may be calculated as the noise generated by the 

euivalent noise resistance, Re, introduced directly in series 

with the grid of the first valve. 	This generates a mean 

square noise voltage, V: 	given by :- 

VA2 	----- 4 CT R. cl 
	

(A3.12) 

• ...7-":- 

As this voltage is introduced directly on the grid, it is 

not attenuated by the capacity in the input circuit, as are the 
K 

other noise contributions. Amplification by a factor 2 gives 

rise to an output mean square noise voltage, 2  VOA given by :- 

= 

	Fe  

Lig 4 kT Re  oq 

r---1  I3  K 2  lit  ÷ 4 Tri f 2Cs2  • 4- kT Re  Jf 
0 

f
0  

= 	f
3 
	Kz 4 kT  Re  ( 1 + 4 rrf c R2  )„,ic 

R2- 



to signal ratio, arising from anode current shot noise 	Nc 

to be expressed by :- 

V 2-  OA 

4 Kzk2ii Re. 	tirR-Lc: R   
Eqs. (A3.1+) and (A3.13) enable the mean square noise 

2.. 

(A3.13) 
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V 2-OA 

 

 

vl 

 

41CkT Re_  - 
4 K211,7„; ri:eftN2   

= Re 	kT  
S 	R 	Mm n:ef-,03 

4 FTNT Re. a -.3  
3M: n: e2- ( A3. 14) 

Comparing this equation with (A3.9), it could be expressed 

in the form 

ISJZ  
4T77 kT Re CZ Fa (A3.15) 
3M,;,r): e-2" 

Since large values of R (i.e. or orders higher than 

106 ohms) are used to minimize the Johnson noise contribution, 

given by Eq (A3.9), and valves are selected with low values 

of Re (i.e. or order 102 ohms) to minimize the anode current 

shot noise contribution, given by Eq. (A3.14.), it can be seen that 

the first term of Eq. (A3.15) will be smaller than the Johnson 

noise, and therefore, negligible when the overall noise, arising from 
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all sources is computed. 	Eq. (A.3.15) may therefore be 

used in the following simplified form :- 

Es_,,Alz 
= 

4 fr kTRe.C: h3 (A3.16) 
3 m,,7-, yq-  ez 
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Al+. Signal to noise ratio that may be realized with return  

beam read-out of a stored charge Imam. 

The operating principle of return beam read out for charge 

atorage tubes is described in §5.9. Eq.(5.9) gives the signal 

current entering the multiplier, for a fully modulated signal, but 

taking into account the modulation transfer characteristic of the 

tube, the video signal, vv  may be expressed in terms of electrons 

per plaLure element by 

M.,5e_Pcr 
	

(A4.1) 

The noise inherent in the scanning beam in terms of electrons 

per picture element is )fib. Subtracting a precise quantity from 

this beam will in no way reduce the noise, so that if the scanning 

beam were to discharge a picture element in a noise free charge 

image, the noise present in the modulated return beam would 

still be 	In practice however, there will be a noise 

present in the stored charge image, given by Eq.(A2.11). 

The total mean square noise in the modulated return beam, 

will be given by adding the mean square beam noise and the 

mean square stored charge noise. 

L--1 ri t, = -1—  1\11:: 7c3'.(71-1— J -1— 02S 	(A4,2) 
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The factor Mm  arises from the modulation transfer 

characteristic, and is introduced to account for the filtering 

action of the camera tube, which attenuates stored charge noise, 

corresponding to high spaeal.frequencies, as well as attenuating 

the signal, 

For Poissonian statistics of secondary emission, 

Eq. (A4.2) thus reduces to 

= 	+ M: P Oir 7.1+ 

Working in terms of the gain of the target, 

+ MM P 73- 	-F-  3 (K-H)1 (A1+ . 3 ) 

Using Eqs. (5.9), this may be alternatively expressed as:- 

IYY/6 	ge m  P  111: 	+ 3(1-+I)) 4—  e 	542  MI 
 al (A4.2+) 

The mean square noise to signal ratio in the beam 

entering the multiplier, 

and (A4.4). 

is obtained from Eqs. (A)4..1) 

is 

9e +3 '19.3e4- I  

 

± Mn  

  

   

       

 

P cr 

   

•••••••••ms,  

9e ± 3 + fric,14,2; 

P 
( A4. 5 ) . 
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Eqs . (A2.1+) and (A2 . 8) enable us to write as alternative 

expressions 

N62 ] 	Se ± 3 	MB M.2.-  
5e "le 

  

3e ±- 3 ÷  Mg  MM  
,IS  (A4.6) 

  

If the secondary emission coefficient of the multiplier 

dynodes is Si  and the multiplication is governed by 

Poissonian statistics, the signal to noise ratio is further 

reduced by a factorAl-b-it—,- but this is negligible for large Si 
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A5. 	Signal to noise rhtio that may be realized with 

isocon read out. 

The processes involved in isocon read out are described 

in § 5.10. As the scanning beam discharges the elemental 

charges, ri s  , stored on the target, Rs electrons per stored 

electron, are scattered in a non specular fashion so that 

-n t  (= R,n) electron charges are available in the beam, returning 

towards the multiplier, to generate a video signal. 

If we regard the /15  charges, held on the target elements 

as the primary particles, which independently interact with the 

scanning beam to produce the 1-11  daughter electrons, we may 

apply Mandelts formula (Eq. A2.3) to calculate the noise 

inherent in rIl 

   

—z 
= 	LY R, ns ÷ 

   

(A5.1) 

      

A Z 
L. YIL 715 612.  Rs 

Eqs. (A2.9) and (A2.11) enable us to write, 

Azyl, . Rs  I157( S +I -Fas)]+(T—OPa-- ags(A-5.2) 

Assuming that Poissonian statistics apply for both the 

secondary emission and for the scattering processes, 

i.e. and AzR, = R. 
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Eq. (A5.2) may be rewritten, 

s i  = r 
71 	.R: L 15  a-  (r± -g+01 +cr,--015-73-T s  

   

— (T•---1)T56 [Rs uT--0-1- irlY-A ± 7,1 

 

gnt (A5.3) 

The scattered electrons enter a multiplier aperture, 

which accepts a fraction A, of the total number scattered. 

The probability distribution p(A) of A is of the form 

p (1) = A.  

p (0) = 1 - A 

p (A>-1) = 0 

Using the same argument as that used to derive Eq. A2.6), 

we may write :- 

 

= 	7, (i —7 ) 

 

462,- A (A5.4) 

Invoking 	Mandel's formula, Eq. (A2.3), again to calculate 

the noise inherent in the scattered electrons carrying the video 

information which enters the multiplier, 71v  ,we may write 

for 4/12n,, 

2.  
N. r y = A anL + lit  aa (A5.5) 
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Substituting Eqs. (5.11), (A2.9), (A5.3) and (A5.4) 

in Eq. (A5.5), we have 

--A-245, • 077L 	S +Tr 	 s 	a 1-5. 1-4 	) 3 11- 115] 

T2  R75Ter,-&-117-, (T-1+ 	I + 

For large this becomes :- 

 

2  nv 	A Rs  — P -&-{Vs (T.+3) 	k 

 

 

(A5.6) 

  

Two additional factors must be taken into account in 

computing the mean square noise, a- f-)6 in the total electron flux 

entering the multiplier. 

First, there is a constant background noise, B' 
arising from the small number of spurious electrons which can 

never be completely eliminated. A small background current 

persists in entering the multiplier aparture. 

Also, account must be taken of the fast that noise, 

arising from components in the stored charge, corresponding to 

high spatial frequencies on the target surface, are filtered by 

a factor, equal to the modulation transfer characteristic of the 

camera, Mm . We may hence write for the mean square noise, 

Er/b 	at the input of the multiplier, 

A 
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M.' 	nv  + 	15 v17-  
b 

From Eq. (A5.6), we may write for this :- 

  

= M:7C1[7:-Te,70-4R5(Te +3)+1 4  B: (A5.7) dins  

The mean square noise to signal ratio at the input of 

2-  the multiplier for isocon readout, [1111 is obtained from 
3 

Eqs. (5. 13) and (A5.7), and is given by 

2 
M 	A RS 9e 

Fo-rM(-9-.7+3)4_ -171 4- 132 

M Z  

[NI 	(Te."4-3+-PT Rs )  4_ 	  
5 [3a '- 

Eqs. (A2.4) and (A2.9) enable us to write as alternative 

expressions 

(A5.8) 

2  Nr
S  

  

(5e +3 4.-ici)  

5e P 	 iNe- 	s  1R 1-7-  T)Q (A5.9) 

  

2.  
NI 	+_3 +7117-,)  

—  
e Cr  

    

    

13 2'  n 
1•1,„1  A Rszrs  

(A5.10) 
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AG Skip distance of spurious electrons, emitted from 

the walls of an image tube. 

(The following treatment is based on an analysis, given 

by Rosenbloom (153) in conjunction with whom the author 

performed the experimental work on signal background, described 

in ,§ 7.3). 

FI;s. A6.1 and A6.2 represent the motions of spurious 

electrons, emitted from the wall of an image tube, in the 

advancing equatorial and rotating meridional planes. Since 

there are about two orders of magnitude difference in the radii 

of the tube and of the electron orbits, the glass wall of the tube 

can be treated as a plane surface. 

On emission from the wall at an a.ar,le of 	to the normal in the 

equatorial plane, the electron will move under the influence of 

the electrostatic and magnetic fields, E and B, for a time , 

until it restrikes the wall at a distance, 5 , further down the tube. 

From fig. A6.1, it can be seen that :-
41,t5  = TT + 2 IP 

+  
t5 	 4ic 

Since the electron is uniformly accelerated along the 

tube, ,5 	will be given by :- 

(A6.1) 
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From Eq. (A6.1), this becomes - 

3  = e 	V s 	( TT -1- 21/) 
, 2,7n -e 

3 e V 	(1 +  
(A6.2) 2 m e 	(4,2* 

(The symbols V, € and A), have the same significance a 

defined in appendix A,1) . Thus from Eq. (A1.1) 1  Eq. (A6.2) 

may be expressed as 

S / 	177 V 	( TT 4  211-  = 	-27 -e-_ - 
(A6.3) 

Let p ( 	) dr be the probability that an electron is emitted 

at an angle between r  and ''+ 	Then we may write 

for the mean electron skip distance, g 

1Zr 2 

fir.  /9 () d  

PMcir 

(A6.4) 

We can consider two likely angular distributions. 

(a) Lambertian Emission,, 

% e. p(001 	KF  cds 	d 
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In. this.  case 

(ir 21/T p(V I  

f; 	d 

far 

(TT-s-  2102  e0-  dr 
z 

J-rr Ce.0 d? 

	

( 174 	) 

fib) . All angles equally likely. 

i e. 	()d? = 	KF I 

In this case 
(T - ÷ 21)2 P(  

zif f 	(1k) d3' 	 77- 

A 77 z 
3 

Substituting these results in Eq. (A6.4), tcgether with 

operating parameters corresponding to the prototype tube, 

i. e. 	 O'iq i. 

and 	13' 
	I7 xlO v. ky, ft./h64  

from the slope of the 

graph in fig 7.8, 

We have 

(a) For Lambertian emission E = 2.06 cm. 

(b) For all angles of emission 75 = 2.32 cm. 

equally likely 

dlfr 
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These figures are close to the distance, ( 2 cm.), 

separating the platinum ring wall electrodes, fired into the 

glass in the prototype tube. 
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List of Symbols. 

A. fraction of useful electrons, scattered from the target 
of a. tube operated in the isocon mode which are able 
to enter the electron multiplier. 

Ar. 	aspect ratio (width / height ) of a picture. 

B. magnetic field. 

Bn. 	R. M.S. background noise, expressed in terms of 
electrons per picture element, which arises from spurious 
electrons entering the multiplier aperture of an image 
isocon. 

C. contrast of a highlight against background. 

M. 	contrast of a star of magnitude M. against sky 
background. 

Crain 	minimum contrast, inherently detectable in an image 
made up of a photon flux of P photons per picture 
element. 

C°in. 	minimum contrast which may be definitely discerned by m 
an image detecting device storing up to q events per 
picture element. 

Cs. 	stray capacity, shunting input resistance of head amplifier. 

E. 	equivalent quantum efficiency of an image detector. 

Ee. 	electrostatic field. 

Eo. 	equivalent quantum efficiency of an image detector, 
at a low spatial frequency, where the efficiency is at 
a maximum. 

e. 	electronic charge. 
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e,. Se 	charging current electron, drawn up to signal plate 
from earth as efse  is emitted to the mesh. 

eP. 	energetic primary photo-electron, incident on target. 

er electron in reading beam. 

ebec 	'beam electron conduction' electron, i.e. a reading 
beam electron, able to traverse right across the target 
layer to land on the signal plate. 

en 	reading beam electron, used to neutralize positive 
charges, stored within target. 

es secondary electron, excited within target. 

esec 	'secondary electron conduction' electron. 

etse 	'transmitted secondary electron'. 

/m. 	specific electronic charge. 

image information recording efficiency, a figure of merit 
for an image detecting device. 

bandwidth of head amplifier. 

factor by which ne  photo-electrons are multiplied in 
the process of storing them as ns  electron charges 
on the target of a storage tube. 

factor by which P jphotons are multiplied in the process 
of recording the photon flux as q static events in an 
image detector. 

number of discernible half tones, i.e. definitely discernible 
brightness differences, accomodated by a photon flux 
of a given maximum number of photons. 

F. 

fb 

ge 

gP 

hi 
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ho 	the dynamic range of an image detector, i.e. the 
maximum number of half-tones which may be definitely 
discerned at the output of the detector. 

signal level at the output of an image detector, used m to observe a regular, fully modulated bar patt.:n,n 
object, in a region corresponding to the whites. 

signal level at the output of an image detector, used to 
observe a regtth.r, fully modulated bar pattern object 
in a region, corresponding to the blacks. 

intensity of a star of magnitude N. 

current in scanning electron beam' 

grid current of first valve of head amplifier. 

signal current. 

4- 
constant by which the input admittance of a head 
amplifier is multiplied, to give a figure for the gain 
which the amplifier is designed to exhin. 

coefficient of certainty, the factor by which the difference c, in the number of events observed in separate picture 
elements must exceed the root mean square noise 
fluctuation, to be considered significant. 

KF 	arbitrary constant. 

k. 	Boltzmann: s constant. 

1. 	distance between target and photocathode, 

M. 	stellar magnitude. 

MB. fractional depth to which a scanning beam is modulated, 
as it discharges a picture element. 
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Mm 

m.  

Nn. 

modulation of a aifimai corrosponding to a spatial 
frequency of m television lines. 

definition of an image, expressed in terms of equivalent 
number of television lines. 

root mean square background noise of an image detector, 
expressed in terms of an equivalent number of stored 
static events per picture element. 

n. number of separate resolvable units into which an image 
may be divided. 

number of electrons c.vailable in a scanning beam to 
discharge a picture element. 

number of electrons, liberated from a photocathode by 
the action of P photons. 

total number of electrons, enterkig, the multiplier in 
an image isocon, per picture element. 

number of electrons, non-specularly scattered from a 
picture element on a target, as it is scanned by an 
electron beam. 

n 	number of electron charges, stored on the target of a s.  
storage tube by interactions initiated by P :pz-imary 1-plioton.s 

nt. 	number of secondary electrons, emitted from the target 
of a storage tube by interactions initiated by P primary 
photons. 

video signal, expressed in terms of electrons per 
picture element. 

n(0) d0 number of electrons, emitted from a photocathode 
in directions, between A and A ! -  dO to the normal. 

nb. 

ne. 

nf. 

nv. 
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n(VT )dVT . 	number of electrons, emittoci from a photocathode 

P. 	 number of photons falling on a pictu.n/ element 
of an image in a given observation time, Te  

number of photons, falling on a single picture 
element, in a time, Te, observed as a highlight 
in an array of randomly illuminated picture 
elements. 

Ph. 	a number of photons, capable of accommodating 
h discernible half-tones, i.e. there are h photon 
fluxes, less than Ph which represent steps of 
definitely detectable difference in light level. 

p. 	 number of units of percepdbl.; detail into which a 
television picture may be divided, across a frame. 

p(X)dX 	probablity that a parameter, associated with the 
variable X should 7.ip between X and X + dX. 

Q. 	the total storage capacity of an image detector, 
i.e. the total number of events which the detector 
may store. 

q. 	the number of events stored in a picture element 
of an image detector by the action of P photons. 

a number of events, stored in a picture element 
of an image detector, capable of accomodating h 
half-tones. 

elemental storage capacity of an image detector, 
i.e. the maximum number of events which may be 
stored per picture element of an image detector. 

R. 	grid resistance at input of head amplifier. 

Rc. 	radius of electron orbit in advancing equatorial 
plane of an electron optical system. 

with energies between VT  and VT+ dVT. 
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Re 	equivalent noise resistance of input valve of head 
amplifier. 

Rs 	electron scattering coefficient of an isocon storage 
target. 

Rt. 	radius of annulus, marked off from Gaussian focus 
in image plane of electron optical system. 

re 	distance from ideal focus at which a photo-electron 
strikes target. 

S/NA 	contribution to signal to noise ratio, arising from 
anode current shot noise of first valve of head 
amplifier. 

SiNs 	signal to noise ratio that may be realized in a camera 
tube, using return beam multiplier read-out. 

Si"G 	contribution to signal to noise ratio arising from grid 
current shot noise of first valve of head amplifier. 

Ni 	signal to noise ratio that may be realized in a camera 
tube, using isocon read-out, 

SA,, 	contribution to signal to noise ratio, arising from 
Johnson noise in input resistor of head amplifier. 

SNs. 	signal to noise ratio of the stored charge image of 
a storage tube. 

S. 
liNi 	signal to noise ratio associated with an input photon 

flux. 

So/No 	signal to noise ratio at the output of an image detector. 

s. 	electron skin distance along the wall of an image tube. 

T 	absolute temperature. 

Te. 	exposure time. 
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defined by expression 

t. 	transit time of electron moving from a photocathode to a 
target. 

ts . 	time of flight of a spurious background electron, emitted 
from the wall of an image tube, as it skips a distance, s 
along the wall. 

umean. mean axial velocity of an electron moving between a 
photocathode and a target in a uniform electrostatic 
field. 

V. 	potential of target with respect to photocathode. 

Vi 	input signal voltage, developed at grid of first valve of 
head amplifier. 

V mesh potential. 

Vo 	signal output voltage from head amplifier. 

VOA 	r. m. s. noise voltage, appearing at output of 
head amplifier, due to anode current shot noise of 
first valve. 

VOG 	r. m. s. noise voltage, appearing at output of 
head amplifier, due to grid current shot noise of first 
valve. 

VOR 	r. m. s. noise voltage, appearing at output of 
head amplifier, due to VR.  

VR. 	r. m. s. noise voltage, appearing at grid of 
first valve of head amplifier, due to vR.  

VSP 	signal plate potential. . 

VT. 	potential in volts corresponding to an electron velocity 
of vem. 
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A an r. m, s. noise voltage, on the grid of the first 
valve of a head amplifier which would be equivalent 
to the anode current shot noise of the valve. 

vem. 	velocity with which an electron is emitted from a 
photo-cathode. 

VR. 	r. m. s. thermal noise e. m. f. generated in 
resistance, R, at a temperature, T. 

2. 	input impedance of head amplifier. 
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AT 	dwell time of a scanning beam on a picture element. 

AX 	r. m. s. fluctuation associated with quantity, represented 
by X. 

/3,1X mean square fluctuation associated with quantity represented 
by X. 

secondary emission coefficient. 

SX 	increment in quantity, represented by X. 

permittivity. 

permittivity of free space. 

9 	angle to the normal at which a photo-electron is emitted 
from a photo-cathode. 

number of secondary quanta, generated by a single 
primary quantum in a general interaction. 

number of secondary quanta, generated by V primary 
quanta in a general interaction. 

number of incident quanta considered to be involvled in 
a general interaction. 

f 	
resistivity. 

Cr 	quantum efficiency of a photo-cathode. 

time constant of image orthicon target. 

angle of emission in equatorial plane of spurious 
electrons emitted from wall of tube. 

(.4) 	pulsata.nce of electrical signal. 

electron cyclotron frequency. 
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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 Da. N. D. TWIDDY 
Department of Physics, Imperial College of Science and 

Technology, London, S.W.7 

THERE aro 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 are 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 been 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 
aro accelerated to energies of the order, of i5-7 koV 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 aluminium oxide about 500 A thick which serves 
as a support membrane for a signal plate of aluminium 
of similar thickness. On this signal plate is deposited a 
spongy layer of potassiiim 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 5-101.e. 
The technique is similar to that developed by Goetze3  
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. _ The secondary electrons are collected by the 
positive mesh (5). 

In view of the relatively large 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 from 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 the 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'. 



However, oven without this refinement, the performance 
of tho 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 bo 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 imago section and 
the scanning fields, due 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 imago 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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II. A New Television Camera, intended for Scientific 
Applications, having a very High Sensitivity and 

Good Storage Properties 
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Department of Physics, Imperial College of Science and Technology, 

London, S.W.7 
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ABSTRACT 
The performance of a new photoelectric storage tube, capable of long 

term integration of faint optical images, is described. The device employs 
a low density potassium chloride layer as a storage target, in which considerable 
charge multiplication can be achieved. 

§ 1. INTRODUCTION 
IN an earlier paper (Filby et al. 1964) we reported briefly the development 
of a new type of television camera employing a low density potassium 
chloride layer as a storage target. The purpose of the present paper is to 
report further measurements on this device. 

In this Department we have been concerned for some years with the 
development of photoelectronic storage devices intended for the detection 
of faint images of low contrast. Much of the effort has been devoted to a 
television signal generating tube in which both exposing and reading out 
operations were performed from the same side of a dielectric storage layer 
by a flying spot scanning technique. The performance of this device has 
been described in a companion paper (Mende et al. 1965) to be referred to as 
Part I. Although this device can achieve relatively high equivalent 
quantum efficiencies, its resolution is inadequate for many applications 
and this is largely due to the flying spot scanning feature. 

Therefore it was decided to attempt the development of a television 
storage tube in which the exposing and reading out operations were 
performed on opposite sides of a storage target and to employ an electron 
gun to provide the low velocity reading beam. The device would have 
much in common with an image orthicon or an ebicon, consisting of an 
image section for exposing the target and this target would be read on its 
reverse side by a scanning electron beam. Clearly the heart of the problem 
was to find a suitable target material. The storage target must have 

t Communicated by the Authors. 
t Now at the Department of Physics, University of York, Heslington, York. 
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extremely high resistivity since integration and storage periods of the 
order of hours were envisaged ; electrons of moderate energy should be 
able to produce positive charge build up on the scanned surface of the 
target preferably with appreciable charge multiplication. 

A potentially suitable target material was being developed in another 
section of this Department for transmission secondary emission (T.S.E.) 
image intensifiers. Following the lead of Goetze in the United States, 
M. E. Rosenbloom and W. L. Wilcock at Imperial College had developed 
a technique for depositing low density spongy layers of potassium chloride 
and these were being investigated as possible dynode structures for T.S.E. 
image intensifiers. Rosenbloom had found that charge distributions could 
be retained on these layers for periods of several days and it seemed probable 
that the low density layers would provide the other features required of a 
satisfactory target material. 

Experimental tubes were therefore constructed and showed the new 
layer to possess most of the required properties of an ideal storage target. 
In brief, the layer could store charge pictures for many hours ; the charges 
could be built up by electrons with energies 5-10 kev and the charge gain 
in the layer could be varied readily from very low values up to well over 
100 times simply by changing the potential difference across the layer. 
This is a particularly useful feature since the detector can thus be operated 
with high equivalent quantum efficiency for the detection of both high 
and low contrast images (see Part I, fig. 3). Furthermore, layers could be 
made with the right order of storage capacity and they did not exhibit 
appreciable persistance of image or ' lag '. Goetze and Boerio have reported 
a similar tube development at Westinghouse (Goetze and Boerio 1963, 
1964) which they have named the S.E.C. vidicon. 

§ 2. THE TUBE AND ITS CONSTRUCTION 
A photograph of the tube is given in fig. 1 and a schematic diagram is 

shown in fig. 2. The light input is focused on to the transparent photo-
cathode (1). The photoelectron image so produced is then accelerated in 
the electric field produced by the metallic cylinders and annuli (2), and 
focused by the uniform magnetic field produced by the long solenoid (3). 
These photoelectrons are accelerated to an energy of 7 key and strike the 
target (4) where they give rise to appreciable secondary emission, the low 
energy secondary electrons being ejected into the inter-particle space in 
the spongy layer. By a mechanism to be discussed below the secondary 
emission results in a positive charge being left in the target so that a 
positive charge picture is built up and retained in the target. This stored. 
positive charge picture can be readily removed by scanning the layer 
orthogonally with a low velocity electron beam from the electron gun (6) 
to re-stabilize the surface to a uniform potential. This results in a signal 
current flowing from the metallic signal plate which forms part of the layer 
so that the output is in the form of a television signal. In the tube shown 
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Fig. 1 

The television camera tube, photographed prior to processing, showing side 
arms and pumping stem. 

Fig. 2 

The television signal generation tube. The optical input is imaged at the 
photocathode (1). The photoelectrons are imaged at the target (4) 
which is scanned on its reverse side by a low-velocity electron beam 
from the electron gun (6). 
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the cylinders and annuli (2) shield the photoelectrons from electrostatic 
charges on the walls which would otherwise cause some distortion of 
picture geometry and they also prevent stray electrons from striking the 
walls and significantly increasing the background (McGee 1961). The 
compartment at the front of the tube is used only for processing the 
photocathode (S9 or S20) and prevents the entry of alkali vapours into the 
remainder of the tube which would result in increased background 
(McGee 1956). 

The reading section of the tube contains the electron gun (6), the wall 
anode (7), which is normally held at 300 v, and a separately connected 
mesh whose potential may be adjusted to be a few volts more positive than 

Section through the target. 

the wall anode to give optimum focusing and beam landing conditions 
(Lubszynski and Wardicy 1962). The electron beam is deflected mag-
netically by means of the scan coils (8). The d.c. magnetic field produced 
by the solenoid (3) has a value of between 40 and SO gauss and results in 
several focusing loops. In order to use the same field to focus the 7 key 
primaries it is necessary to make the image stage fairly long giving an 
overall tube length of 49 cm. 

A section through the target (4) is shown in fig. 3. The aluminium 
oxide membrane ( 0.05 pm thick) supports a thin evaporated aluminium 
signal plate ( 0.05µm thick). The spongy potassium chloride layer 
( 	10-20 tan thick) is deposited on top of this. 

§ 3. THE MANUFACTURE OF THE TARGET 
The thin aluminium oxide support membranes are prepared by anodizing 

0.001 in. thick aluminium foil, the surplus aluminium being etched away 
in an acid bath. The films are mounted on lime soda glass rings with 
potassium silicate solution and. the film stretched by locating in air to 
250°c since the expansion coefficient of soda glass is about three times that 
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of aluminium oxide. This results in a slightly wrinkled film on cooling 
which is capable of taking up any strain which occurs during the annealing 
processes of the subsequent layers (aluminium and potassium chloride) 
which are evaporated onto the film. 

Aluminium is evaporated in a conventional vacuum evaporation plant 
to a thickness — 500 1 by monitoring to observe a drop in transmission to 
1%. The KC1 evaporation is carried out in a dry argon atmosphere at a 
pressure of 2 mm Hg with the film specimens being rotated at about 
1 rev/sec by an induction motor, the whole evaporation taking about 
10 min. The light transmission is monitored until this falls to 75%. When 
the tube is subsequently baked to 200'c before processing the target 
membrane tightens and remains taut on cooling. 

An electron micrograph of the spongy KCl is given in fig. 4. 

Fig. 4 

Electron micrograph showing a low density deposit of potassium chloride 
evaporated onto a mesh. 

It was hoped that the tube would have the following advantages over 
the photocathode scanned storage tube described in Part I. 

1. Adequate scanning beam currents would be available which would. 
permit the discharge of the target in a single scan, even at normal 
television scan rates. 

2. The fluctuations in the scanning beam would be small. 
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3. Because of the high degree of collimation of the electrons from the 
gun, the low velocity beam can be very well focused. 

4. Reading beam electrons reflected from the target are unable to 
return to the target because they are collected by the mesh, or wall 
anode, held at a high positive potential. 

5. This also applies to the secondary electrons which emerge from the 
layer in the writing process thus avoiding secondary electron 
redistribution effects. 

6. There is no mesh to intercept the primary electrons. 
7. A practical advantage of the proposed tube is that there is no need 

to switch the electrode potentials, or insert a mirror when changing from 
writing to reading and the tube can be operated continuously as a television 
camera. This greatly simplifies the focusing and adjustment of the tube. 

§ 4. THE MECHANISM IN THE LAYER 
Primary electrons enter the layer resulting in a large number of secondary 

electrons being created and ejected into the inter-particle space with low 
energy. They come under the influence of the field present in or immediately 
outside the layer due to the potentials on the signal plate and mesh (5). 
A proportion of these secondary electrons will be collected either by the 
signal plate or by the mesh (5) which is held near wall anode potential 
( + 300 v). With the potentials and geometry normally employed the 
external collecting field due to the mesh is — 200 of mm while that across 
the layer can have any value from zero to ± 2000 of mm (e.g. ± 40 v across 
a 0.020 min layer). Although there is no fundamental difference it is 
convenient to make a distinction between the currents to these two 
electrodes because they are easily distinguished experimentally. The 
flow of the secondary electrons to the target signal plate takes place in the 
interparticle space in the layer rather than in the conduction band of the 
solid and this has been termed secondary electron conduction (S.E.C.) 
by Goetze and Boerio (1963, 1964). We shall follow their lead in this. 
The secondaries which leave the target layer and are collected by the mesh 
(5), held at + 300 v, may be classified as transmitted secondary electrons 
(T.S.E.). 

The authors suggest a third factor contributing to the high gain of the 
layer, namely the direct landing of the beam electrons on the signal plate 
while the beam is accepted by the layer. This process can take place only 
when the layer is charged positive. As the electrons in the scanning beam 
discharge the layer to gun cathode potential, the layer screens the positive 
signal plate from the scalming beam and all the scanning electrons are 
returned towards the gun. Such an effect would be expected to take place, 
because the mechanism of the S.E.C. process requires that low velocity 
secondary electrons, excited within the layer should be able to traverse 
the layer under the influence of the internal field to reach the signal plate. 
The positive charges left within the layer are neutralized by the scanning 
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electrons, which must therefore penetrate deeply into the layer. It follows 
that a fraction of these low velocity scanning electrons will also be able to 
reach the signal plate as they come under the influence of the field within 
the layer. 

This mechanism is fundamentally different from S.E.C. or T.S.E. signal 
generation because, instead of the beam discharging previously produced 
positive charges, the instantaneous potential on the storage surface 
modulates the amount of beam landing on the signal plate. The layer 
thus acts somewhat as the control grid in an amplifying valve. Following 
the example of the term S.E.C., this process may be described as B.E.C., 
beam electron conduction. 

The measured values of S.E.C. are derived from contributions due to 
true S.E.C. (migration of secondary electrons across the layer during 
exposure) and B.E.C. (migration of beam electrons across the layer during 
scanning), but they are not readily distinguishable experimentally. It 
is therefore convenient to retain the term S.E.C. to embrace both 
contributions. 

§ 5. THE CHARGE GAIN OF THE TUBE 
Goertze et al. (1964) have made detailed investigations of the secondary 

emitting properties of low density films. However their published work 
was principally concerned with applications in image intensifiers in which 
the exit surface of the layer is not stabilised by an electron beam but can 
rise to quite high potentials. 

Fig 5 

QTSE 

Qp 

Q 

Charges flowing to and from the target contributing to the signal generating 
process which takes place during each frame. 

We have measured the charge gain in the layer and shall distinguish 
between T.S.E. gain and S.E.C. gain, the latter includes the B.E.C. process. 
These two separate contributions to the total gain may be readily deter-
mined experimentally and account for the shape of the observed total 
gain characteristic. 

Qp 
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If the photocathode of the tube is illuminated and the target scanned 
continuously by the reading beam, the resulting number of primary 
electrons per picture element per frame time can be represented by the 
charge QP  which on entering the target results in the release of a charge 
QTSE to the mesh by transmission secondary emission and ultimately a 
charge QSEC  to the signal plate by both secondary electron conduction and 
beam electron. condition. If the positive charges built up by these processes 
are removed by scanning continuously with the electron beam, the charge 
landing from the beam QB  will be the sum of these two charges. Therefore 

QB = QTSE QSEC 
	 (1) 

and thus the total charge gain of the tube is given by : 

QB —  QTSE QSEC 
QP QP QP 

i.e. 	 GTotai = GTSE @SEC' 

The total charge taken up by the signal plate lead is Q which is the 
algebraic sum of the signal charge QB, primary charge QP  and the trans- 
mitted secondary emission charge QTSE,  i.e. 

Q= QB QP QTSE) 

substituting for QB  from (1) : 

Q = QTSE QSEC QP QTSE' 

Q = QSEC QP,  

dividing by Q p : 

QpQSEC , 
= 	 = GSEC 

QP QP 

SO °SEC  can be obtained from measurements of Q and Q. 
The variation of S.E.C. gain versus target signal plate potential iTsp 

is shown in fig. 6 for primary electrons of 7 key energy. When there is no 
field across the layer ( Vsp = 0) the S.E.C. gain is zero. With the signal 
plate positive, the charge gain increases rapidly with the collecting field 
across the layer, reaching a value of 120 when Vsp = +25 v. If the signal 
plate is made negative the field is such that the transmission secondary 
emission is enhanced by the field in the layer but the total charge gain is 
low since the secondary electron conduction taking place now opposes the 
positive charge build up in the layer. 

The way in which the S.E.C. gain varies with primary photoelectron 
energy is shown in fig. 7 for a range of signal plate potentials Vsp. It 

from (1) 



0 

a 

60 

40 

20 

Fig. 6 

Gain 

x 	x TSE. Gain. 	120 
S.E.C. Gain. 

- - - 	- Total Gain. 	100 

80 

5 	10 	15 	20 	25 
Signal plate potential (V") volts. 

-20 

-40 

-20 -10 

0 

Detection of Faint Optical Images by Charge Integration 	395 

should be mentioned however that the particular layer studied to produce 
this family of curves had only a moderate S.E.C. gain. 

The T.S.E. gain is measured by a pulse method. A light pulse having a 
duration of a few microseconds is generated every frame by a cathode 
ray tube having a short persistence P16 phosphor. The light is focused 

The variation of the total charge gain of the layer with signal plate potential, 
compiled from curves showing the contributions arising from the T.S.E. 
and S.E.C. mechanisms. 

onto the photocathode of the tube. The resulting charging current pulse 
in the signal plate lead can be measured on an oscilloscope and is the 
difference between the primary current and the transmission secondary 
electron current: 

/SP = /nu 

so that if the primary current Ip  is measured, usually by reducing the 
primary energy until transmission secondary emission is negligible, the 
T.S.E. gain can be calculated. The results of such measurements are 
shown in fig. 8. The T.S.E. gain decreases monotonically with increasing 
signal plate potential and has its lowest value when the S.E.C. gain is a 
maximum. If the target signal plate potential is zero the gain in the layer 
will be solely due to T.S.E. and has a value between 4 and 5. The tube is 
normally operated with appreciable positive potentials on the signal plate 
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and under these conditions the S.E.C. gain far exceeds that due to T.S.E. 
This is clearly illustrated in fig. 6, where the two gain curves for the same 
layer have been combined into a single total gain curve. This curve 
closely follows the S.E.C. curve at high positive potentials, crosses the 
T.S.E. curve at zero potential, remains fairly constant over a range of 
negative potentials and finally, at high negative potentials has very low 
values since in this region the T.S.E. and S.E.C. gains are of opposite sense. 

The variation of T.S.E. gain with primary electron energy has been 
investigated and is shown in fig. 9. T.S.E. clearly commences at about 
4 key and for negative signal plate potentials reaches a maximum between 
7 and S kev. 

The output video signal is of course proportional to the total gain of the 
tube and typical measurements of this signal current versus the target 
signal plate potential are shown in fig. 10 for four different light intensities. 

These curves are similar to that obtained earlier in fig. 6 by adding the 
S.E.C. and T.S.E. gain curves, and around zero signal plate potential 
points of inflexion can be seen where S.E.C. is no longer the dominant 
process. 
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Fig. 8 
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Fig. 10 
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The variation of output signal with signal plate potential for four different 
light intensities. The parameter quoted on each curve represents the 
transmission of a filter placed in front of a light source of fixed intensity. 

Transmission of filter placed in front of a light source of fixed intensity. 

Transfer characteristic of the tube for various signal plate potentials. 
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§ 6. THE TRANSFER CHARACTERISTICS 
The charge gain occurring in the layer is highly dependent on the potential 

difference across it. Now, as the stored charge on the layer builds up to 
the maximum value corresponding to the peak white signal, the potential 
across the layer will change by several volts and this change is such as to 
reduce the field across the layer. This in general reduces the charge gain 
as the charge integration continues resulting in a non-linear input—output 
transfer characteristic with a decreasing slope. 

This is clearly shown in fig. 11 which shows the transfer characteristics for 
a large range of target signal plate potentials Vsp. The decreasing slope 
is evident for all positive values of Vsp. However, for values of Vsp 
between ± 2 v the characteristic is linear (gamma = unity). This is 
because in this region the curve of charge gain versus Vsp has a plateau 
(see fig. 6). For more strongly negative values of Vsp  there is some tendency 
for the slope of the transfer characteristic to increase with input (see 
fig. 11). 

§ 7. LIGHT INPUT OVERLOAD 
In normal operation the positive charge picture is removed by scanning 

with a low velocity electron beam which stabilizes the surface at cathode 
potential. If however the charge built up on the surface is excessive, due 
to say light input overload, the scanning electrons will be attracted more 
strongly to the surface gaining sufficient energy to give rise to appreciable 
secondary emission. If at this energy the secondary emission coefficient 
exceeds unity, the surface will not fall to the cathode potential but instead 
will rise towards the mesh potential. This results in a ' blacker than 
black ' signal from the regions effected. More serious however is the fact 
that a very high field develops in the layer, electrical breakdown occurs 
and the layer is punctured. These pinholes can be seen in the layer and 
appear on the monitor screen as white spots (see fig. 12) since the scanning 
electron beam can ' see ' the positive backing plate exposed in these regions. 
Therefore the electron beam lands on these regions, resulting in a strong 
white picture signal. 

This is clearly a very serious defect of the device as a televison. camera. 
It could be overcome by inserting a stabilising mesh just in front of the 
target surface, held at a few volts positive to the cathode, as was used in 
the stabilized C.P.S. Emitron (McGee 1955). The mesh would have to be 
very close to the target surface to avoid loss of definition in the reading 
section (Lubszynski and Wardley 1962). 

It may be possible that the target could be made self-stabilizing by 
depositing on the exit surface a very thin layer of a substance having a 
max < 1 or a high secondary emission crossover potential, e.g. many 

metals. 
When the device is used as a single exposure storage tube, the exposure 

can be made with the mesh potential lowered so that the potential rise 
in the overload region is limited. If an overload does occur it is necessary 
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to prevent a further potential rise on reading. This can be achieved by 
keeping the mesh potential below the first crossover potential while 
scanning. If in addition the cathode potential is raised by 10 v any over-
loaded areas would be stabilized on scanning without removing the wanted 
picture charge. The tube operating potentials can then be returned to the 
normal values and the stored picture read out. 

Fig. 12 

Photograph of test pattern generated by a tube whose target had become 
punctured as a result of overloading. Ysp =10 v. Diameter of test 
pattern image on target = 8 mm. 

§ 8. RESOLUTION 

The limiting resolution of the tube so far achieved is 15 line pairs/mm 
which with the present target size of 20 x 15 mm corresponds to 600 
vertical T.V. lines. This is much less than can be explained in terms of 
scattering in the target which is only 10-20µm thick while the picture 
element size (405 line system) is 33µm. 

The resolution may be degraded by the electron optics of the image 
stage, by interactions between the primary photoelectrons and the 
scanning fields, by the target layer or by the reading system. The first 
two were shown to be unimportant by the construction of an image section 
identical to that in the complete tube except that the layer was replaced by 
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a phosphor. This image intensifier, operated at 7 kv, had a resolution of 
better than 30 line pairs/mm and no deterioration was observed when the 
scanning fields were applied. 

The limitations therefore occur either in the layer or in the reading 
process. The vidicon gun used is capable of very high resolution but in our 
application the electron transit time is much longer than in a vidicon so 
that the performance will be inferior. However, we feel that a further 
important factor limiting the resolution is the comparatively large potential 
variations ( 8 v) which exist in the layer which would be sufficient to 
deflect or defocus the low energy reading beam. This must be regarded 
as tentative and we are trying to estimate the relative importance of these 
factors. 

§ 9. THE STORAGE CAPACITY AND DISCHARGE LAG 
The tube provides a peak white signal of 0.3µA which corresponds, for 

a 405 line system, to about 3 x 105  electrons per picture element. This 
represents a storage capacity of 1000 pF on the assumption of a potential 
rise of 8 v. However, the electrostatic capacitance of a 20 µm thick layer 
with dielectric constant of unity and area 20 x 15 mm is only 150 pF. 
This shows that a model which assumes that the charge is stored only on the 
surface of the layer cannot fully account for the signal generated by the 
tube and suggests both the storage of charge inside the layer and the beam 
electron conduction (B.E.C.) process proposed above. 

The stored positive charge is very readily discharged by the scanning 
electron beam. When operated as a television camera, the persistence of 
picture or lag is very low comparing favourably with other television 
cameras. 

§ 10. SIGNAL SHOT NOISE 
If the tube is operated with a charge gain of 100, the equivalent 

quantum efficiency for storage and read out is high. From Part 1: 

E  
 1 

— 	 1 for y =100 and N„ =103  efp.e. 
+ [Nii2/q2/5] k 

This implies that the amplifier noise is negligible and the signal to noise 
on read out is equal to the shot noise in the number of photoelectrons 
divided by k where k is a factor depending upon the statistics of multi-
plication ; i.e. 

SolNo— 

Since the effective storage capacity of the tube per picture element is 
3 x 105  electrons the number of photoelectrons P will be 3000. The most 
favourable statistics of multiplication correspond to k =1 and therefore 
the signal to r.m.s. noise ratio in the output cannot exceed V(3000) = 55. 
This implies that at high gain the noise in the white areas should exceed 
that in the black parts of the picture but this is not in fact observed. Two 
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factors will certainly contribute to this state of affairs. Firstly, the noise 
appearing in the whites will be dependent upon the ability of the tube to 
resolve the fluctuations in the stored charge, i.e. the resolution of the 
scanning side, so the fluctuations will be attenuated unless the resolution 
is perfect. Secondly, when the tube is operated at high gain, the transfer 
characteristic has a pronounced saturation which will tend to ' crush ' the 
shot noise in the whites. This situation is not fully understood and the 
problem is being investigated. 

Fig. 13 

Photograph of a test pattern generated by a tube, run with Vsp =10 v. 
Diameter of test pattern image on target = 8 mm. 

§ 11. CONCLUSIONS 

In order to overcome the limitations of the photocathode scanned tube 
a new type of charge storage tube has been developed. This incorporates 
the advantages of electron gun scanning and should eliminate the secondary 
electron redistribution effect which rendered the photocathode scanned 
storage tube unable to detect low contrast images of fine resolution. 

It was found in practice that the new target was not only capable of long 
term retention and integration of the photoelectronic charge but that it is 
also capable of high charge multiplication in the layer, producing many 
stored electronic charges per incident primary. This gain makes the 
detection of faint optical images of high and low contrast very efficient 
with this tube. 
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As a detector of faint optical images the tube is a very versatile device 
incorporating the convenience of electrical read out which is essential in 
many experiments concerning space astronomy, or observation in which 
the data is to be handled electronically. 
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INTRODUCTION 

During the past two years, work has been in progress at Imperial 
College to construct and assess storage tubes with low-density potas-
sium chloride targets. These spongy potassium chloride layers are 
very similar to those first developed by Goetze of Westinghouse.' A 
programme of research to study the properties of these layers was 
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Fin.. 1. Television camera tube using spongy potassium chloride target. 

undertaken at Imperial College by Rosenbloom,2  working under Wilcock. 
These low-density potassium chloride layers were being investigated to 
ascertain their suitability for use in transmission secondary emission 
image intensifiers. However, it was as a result of a report given by 
Rosenbloom on the outcome of his study that the work described in this 

t Now at Rico University, Texas, U.S.A. 
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paper was initiated. The high secondary emission yield and the insula-
tion properties of these potassium chloride layers indicated that they 
might find application as targets in television camera-tubes or in charge 
storage tubes. A camera-tube was consequently constructed incor-
porating such a target layer. The structure of the tube is illustrated 
schematically in Fig. 1. Although developed independently, 3' 4  this 
tube has many similarities with the S.E.C. camera-tube of Westing-
house.5. 6  

Electrons from the photocathode are accelerated through 7 kV, and 
electromagnetically focused onto the target, where secondaries are 
excited. The secondaries are collected by positive electrodes adjacent 
to the target by mechanisms described in detail below, leaving a posi-
tive charge pattern in the insulating potassium chloride layer. The 
target is then scanned by a low velocity electron beam, discharging the 
target. The current flowing into the signal-plate is modulated by the 
positive charge image stored in the layer during exposure, and thus a 
video signal is developed across the signal resistor R. 

THEORETICAL CONSIDERATIONS UNDERLYING THE APPLICATION OF 
STORAGE TUBES 

One application of storage tubes is the detection of faint images of 
low contrast. If a faint image is superimposed on a background, the 
limit of detection of the faint image is set by the statistical fluctuation of 
the photons from the background. In order to distinguish the image, it 
is necessary to store a large number of quanta, so that the wanted 
image emerges distinctly from the random fluctuations. An efficient 
detector is therefore required to record this large number of quanta 
without the addition of further noise. The ability of a detector to do 
this is represented by its equivalent quantum efficiency E. This may be 
defined by 

mean square signal-to-noise ratio in output E =  	 (1) 
mean square signal-to-noise ratio in input 

In general, E will be a function of the mean number of quanta to be 
detected. 

The quantum efficiency of a photocathode is relatively high and if 
this is to be exploited in a photoelectric device, it is important that the 
processing of the photoelectrons should not introduce any further noise. 
Then the overall quantum efficiency of the device will also be high. 

The noise introduced by the amplifier in a television channel will 
depend upon bandwidth, input valve, and load resistor. For example, 
a television camera-tube generating a signal for a system with a 3 Mcfs 
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bandwidth, (405 lines at 25 frames/sec), in which the input valve is an 
E.M.I. R 5559, with a 2.7-111C2 load resistor, it may be shown that the 
r.m.s. noise signal in the amplifier is equivalent to n = 2 x 10'3  elec-
trons per picture element per frame. 

To calculate the total noise in the output signal, the mean square 
shot noise in the charge stored in the target must be added to the 
amplifier noise. If the target has a gain g, and a picture element is 
charged by the action of P primary photoelectrons, then the number N 
of electronic charges stored per picture element is given by 

N 	g P. 	 (2) 

Now in general, g and P will exhibit statistical fluctuations, and it is 
therefore more convenient to consider the mean gain of the target, 
and the mean number of photons per picture element P. Mandell has 
shown that a relationship analogous to Eq. (2) holds to give the 
mean number of stored electronic charges per picture element 

N =4 p. 	 (3) 
Mandell has also shown that the mean square fluctuations Ll 2N about 
the mean N is given by 

A2N = g2 42p +1:3 deg 

=g2 
22P +p 	g 2 ) 

g 2  (A2 p 	 u2 P. 
	 (4) 

For primary photoelectrons obeying Poissonian statistics 

2121u = 	 (5) 
and thus Eq. (4) simplifies to 

A2N =. 
y2  P. 	 (6) 

The total mean square noise in the output arising from amplifier and 
stored charge shot noise is therefore 

n2 + j21V = n2 g2 p .  

Hence from Eqs. (3) and (7), 

mean square signal-to-noise ratio in output = 	
(g p)2 

 n2 + g2 p 

Equation (5) gives 

mean square signal-to-noise ratio in input = P, 

and Eqs. (8) and (9) enable us to write for the equivalent quantum 
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efficiency defined in Eq. (1) 
2 
	P 

~z 2 +g2 P 
1 

it 
2 p 	112 2 

f/ 
Defining a factor K by 

-7; 
K f 	 (11) 

and using Eq. (3), Eq. (10) may be expressed as 

E 	 (12) n2 
K - 

g N 

The factor K depends on the statistics of multiplication. It may be 
shown to be 2 for exponential statistics and to be nearly unity for 
Poissonian statistics when the gain is appreciable, i.e. to approach the 

_ 
condition existing when the gain is noiseless (for noiseless gain g2 	g

2 
 

so that from Eq. (11), K = 1). 

E= 

(10) 

1 

.c 
'0!) 

'if, 
° 

,,°"8 
8 >-

e 80 
5",;' 

E 60 

1",.= 0 
g. 40 

2 20 c 
a" N Or, 
o °- 

0 
CT 

LU 

Fin. 2. Equivalent quantum efficiency E of a storage tube us a function of the stored 
charge N electrons per picture point for various gains y, for a system with a background 
noise of 2000 electrons per picture point due to amplifier noise. 
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Equation (12), representing the efficiency with which primary photo-
electrons are recorded in the storage tube, gives the factor by which the 
inherent quantum efficiency of the photocathode is reduced in signal 
processing. This is illustrated by the curves in Fig. 2, where equivalent 
quantum efficiency E is plotted as a function of stored charge N for 
multiplications g of 1, 10 and 100 in the layer. These curves were 
calculated from Eq. (12) with K = 1, and they therefore represent 
the result to be expected with noiseless multiplication. The curves 
corresponding to gains g of 10 and 100 deviate only slightly from the 
result which holds for Poissonian multiplication. 

From these curves, it can be seen that a storage tube with a capacity 
in excess of 105  electrons per picture element and a gain of the order of 
10 to 100, can make full use of the photocathode efficiency in the 
detection of low contrast images. 

DESIGN CONSIDERATIONS 

Experiments have shown that the insulation of the diffuse potassium 
chloride layer is sufficiently good to enable an image to be stored on the 

FIG. 3. Thu television cainera-tubc prior to processing. 

target for several days, without apparent loss in definition. In order to 
exploit this property in the detection of faint images, the tube should 
be exposed to the object under observation for long periods. This 
enables a charge image to be integrated on the target, which may then 
be read off. It was therefore necessary to design the image section of the 
tube to minimize background, which is integrated along with the useful 
signal. In the tubes constructed so far, useful integration times of up 
to one hour have been achieved at room temperature by taking the 
following precautions against background. 



PREPARATION OF THE TARGET 
The potassium chloride layer is supported by a thin aluminium oxide 

film. This alumina film is prepared electrolytically and is mounted on 
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The cathode is processed in a separate compartment (see Fig. 1) 
to eliminate alkali-metal vapours from the working section of the tube. 
This avoids the creation of surfaces with low work-function, which can 
contribute to background by thermal and secondary emission. The 
cathode may be reversed after the tube has been sealed off the pump by 
means of a device described by McGee° and Slark.° 

Electron multiplication along the walls of the tube is prevented by a 
series of annuli, acting as baffles'° (see Fig. 1). These are mounted on 
open tungsten pills, sealed into the glass, and enable a uniform electro-
static field to be applied along the image section. Adverse effects 
arising from the accumulation of charges on the glass walls of the tube 
are obviated by screening the walls with metallic rings, mounted on the 
annuli (see Fig. 1). 

Figure 3 is a photograph of the tube before processing and shows the 
antimony evaporator, a gas inlet side-arm, and the pumping stem. 
The separate processing compartment and the metallic rings and annuli 
in the image section can be clearly seen. 

Pump 

Fin. 4. Evaporation apparatus used in the preparation of spongy potassium chloride 
targets. 
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a platinized soda-glass ring. Soda glass has a slightly larger expan-
sion coefficient than alumina, so that heating the mounted film to 
250°C pre-stretches the layer, compensating for shrinkage which occurs 
during subsequent processing. Films which were not pre-stretched in 
this way were found to become excessively taut on baking after the 
aluminium and potassium chloride evaporated layers had been deposi-
ted, and ruptured very easily. 

The evaporations are carried out in the demountable vacuum 
system shown in Fig. 4. A conducting layer of aluminium is evaporated 
onto the stretched film, followed by a spongy layer of potassium 
chloride. Four films are evaporated simultaneously. The aluminized 
films are held 2 in. above the boat from which the potassium chloride is 
evaporated and to ensure uniformity, the platform on which they are 
mounted is rotated during evaporation by means of an induction motor. 
The evaporation is carried out in an atmosphere of argon at a pressure 
of 2 torr and is monitored by noting the optical transmission of a 
monitor plate, mounted on the axis of the rotating system. The 
evaporation is continued until a 25% drop in transmission is observed 
and is controlled to take about ten minutes. The target is very sensitive 
to moisture and is assembled into the tube in a dry box. 

STRUCTURE OF THE TARGET 

A cross-section through the target is illustrated in Fig. 5. The thick-
ness of the potassium chloride deposit has been measured by breaking 
the glass plates used to monitor the evaporation and examining the 
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cross-section under a microscope. Layers prepared under apparently 
identical conditions have been found to range from 10 to 20 i.tm in 
thickness. 

The electron micrograph shown in Fig. 6 gives an insight into the 

Fm. 6. Electron micrograph showing a low density deposit of potassium chloride 
evaporated onto a mesh. 

structure of low-density potassium chloride layers. As the evaporated 
potassium chloride molecules are cooled by the argon atmosphere, they 
coalesce and settle in diffuse strands on the substrate. 

EFFECT OF FIELD GRADIENT IN THE LAYER ON TARGET PROPERTIES 
Measurements have been made on the targets to determine their 

properties and to investigate the mechanisms of signal generation. 
The gain of the target is found to depend very strongly on the potential 
gradient across it. Since the front surface is effectively stabilized at 
gun-cathode potential by the action of the low-velocity scanning beam, 
the gradient across the layer may be varied by altering the signal-plate 
potential. The sensitivity increases with increasing signal-plate poten-
tial, as for a conventional vidicon. This is illustrated in Fig. 7, which 
shows the variation of video signal with signal-plate potential for four 
different light intensities. 

The increase of video signal with field gradient across the layer would 
lead one to predict a departure from unity gamma, since the gain of the 
layer will vary during exposure, as the potential gradient changes with 
the build-up of positive charge. 

The transfer characteristics shown in Fig. 8 exhibit the expected non-
linearity. The curves indicate a gamma of less than unity with the 
signal-plate positive, when the build-up of stored charge in the potas-
sium chloride reduces the field gradient across the layer. Conversely, 
the gamma is greater than one, when the tube is run with the signal-
plate negative with respect to the gun cathode. As the graphs shown 
in Fig. 8 do not obey a simple power law, unique values of gamma can- 
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not be associated with the various signal-plate potentials correspond-
ing to each of these curves. 

MECHANISM OF SIGNAL GENERATION 
Signal generation may be considered to be effected through the 

contributions of three processes. (a) Transmission secondary emission 
(TSE) describes the effect by which excited secondaries leave the 
layer to be collected by the adjacent mesh, held at around +300 V. 
(b) Many of the secondary electrons excited in the layer will have 
insufficient energy to escape from the exit surface of the potassium 
chloride and these will migrate back towards the signal-plate under the 
influence of the internal field in the layer. Following the practice of the 
Westinghouse workers this process will be termed secondary electron 
conduction (SEC). As very little is known about the mean free path of 
these electrons, moving within the spongy potassium chloride, it is 
difficult to assess what fraction of them is used in neutralizing positive 
charges, created within the layer, closer to the signal-plate. (c) A third 
significant contribution to signal generation may arise from scanning 
electrons landing directly on the signal-plate. This can occur, because, 
with the build-up of positive charge in the potassium chloride during 
exposure, the signal-plate will no longer be effectively screened from the 
scanning beam. Slow electrons, entering into the layer from the scanning 
beam should behave in the same way as SEC electrons. A percentage 
of these electrons originating from the scanning beam might thus be 
expected to migrate to the signal-plate without being used up in 
neutralizing charges stored within the insulator. The authors have 
termed this process beam electron conduction (BEC). 

A series of diagrams to illustrate these processes, believed to occur 
during signal generation, is given in Fig. 0. 

It is difficult to distinguish experimentally between the SEC and BEC 
modes of signal generation and, therefore, to assess quantitatively the 
relative contribution of each of these electron conduction mechanisms 
to the signal generated. There is much evidence however, to support the 
postulation of BEC. 

First, it has been found that GO V is the maximum signal-plate 
potential that can be applied, since for potentials in excess of this, 
beam electrons will begin to be accepted by the signal-plate, even in the 
absence of positive charges created in the layer by primary photo-
electrons. As the signal-plate potential is raised further, it becomes 
impossible to stabilize the target at gull-cathode potential and the tube 
generates a continuous white signal showing that under these conditions 
of tube operation, large numbers of scanning electrons can migrate 
across the potassium chloride layer to be accepted by the signal-plate. 
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Secondly, BEC helps to account for an effective target capacitance 

several times larger than the electrostatic capacitance calculated from 
geometric considerations. 

Thirdly, it also helps to account for an asymmetry observed in the 
contributions to signal generation due to electron conduction effects 
in the layer as the signal-plate potential, and hence the field gradient 
in the layer, is reversed. True SEC should just change sign with this 
reversal of field polarity across the layer, but the BEC effect can only 
occur for positive signal-plate potentials. 

MEASUREMENT OF EFFECTS CONTRIBUTING TO SIGNAL GENERATION 

Although true SEC and BEC prove difficult to isolate and measure 
independently, TSE can be readily measured since this gives rise to a 

Oscilloscope 
Charging 	 Video 
signal 	 signal 

Fie. 10. Pulsed light experiment to measure the contribution to signal generation 
arising from TSE. The line selector is used to provide trigger pulses for the oscillo-
scope and pulse generator, once per frame, at a pre-selected line. On triggering, the pulse 
generator introduces a delay of 20 //sec before switching on the cathode-ray tube for a 
20 //sec period. The oscilloscope monitors the line from the video signal which embraces 
the charging signal produced by the light pulse. 

charging current during exposure. The arrangement used to measure 
the TSE gain of the target, while its exit surface was being scanned to 
maintain it at gun-cathode potential, is shown in Fig. 10. 

A cathode-ray tube with a short persistence phosphor (P•16), is 
triggered once each frame to provide a light pulse of duration 10-20 
lace. A black signal, corresponding to the instant of pulsing is observed 
on the monitor. When the video signal, corresponding to the line 
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including the charging pulse is selected and monitored on the oscillo-
scope, this negative going charging signal appears together with the 
conventional positive going television signal which produces the picture 
of the light patch. For ease of measurement, the position of the light 
patch and the time of pulsing are adjusted so that the two signals do 
not interfere and appear spatially separated on the oscilloscope, as 
shown in Fig. 10. 

The height of the charging current pulse is measured and then the 
accelerating potential on the image section is reduced. This is accom-
panied by the disappearance of the conventional television signal and 

Energy of primary photoelectrons (kV) 

FIG. 11. The variation of TSE gain with primary photoelectron energy for various signal 
plate potentials. 

the reversal of the sign of the charging current pulse which reaches a 
flat maximum over a range of low primary electron energies. The 
magnitude of this flat maximum is taken as a measure of the primary 
photocurrent. Thus, from these charging current pulse-height measure-
ments, the TSE contribution to gain may be obtained. 

The variation of TSE gain with primary photoelectron energy for 
various signal-plate potentials, is illustrated in Fig. 11. These curves 
start to rise steeply for primary electron energies between 3 and 4 keV 
and the transmission secondary emission appears to saturate for primary 
energies in excess of 7 keV. One of the curves in Fig. 12 shows the 
variation of TSE gain with signal-plate potential for 7 keV primary 
photoelectrons. As would be expected, this curve exhibits a negative 
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slope, since transmission secondary emission is favoured by a field 
gradient which accelerates electrons towards the exit surface. 

Since the SEC and BEC processes are not readily distinguished 
experimentally, the term SEC will be retained to embrace both effects. 

The contribution to signal generation arising from SEC (including 
BEC) has been measured by observing on a galvanometer the mean 
current flowing into the signal-plate while the tube is generating a 
picture of a steady light patch. The time constant of the galvanometer 
is much greater than a frame period and therefore the contribution 
arising from the TSE effect is not observed, as this is cancelled by the 
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Fro. 12. The variation of the total charge-gain of the layer with signal-plate potential, 
compiled from curves showing the contributions arising from the TSE and SEC mech-
anisms. 

charging current. The galvanometer thus gives the SEC contribution 
to the signal, subject to a small correction for the primary photo-
current. 

The variation of total SEC gain with signal-plate potential for 7 keV 
electrons is represented by the curve drawn with dashes in Fig. 12. 
The asymmetry has been interpreted as arising from the BEC con-
tribution which occurs only for positive signal-plate potentials. 

The continuous curve in Fig. 12 shows the variation of the total 
charge gain of the tube with signal-plate potential. It has been plotted 
as the sum of two curves representing the separate contributions 
arising from the TSE and the SEC effects. 
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LIMITATIONS OF STORAGE TUBES WITH POTASSIUM CHLORIDE TARGET 
LAYERS 

Two defects in this storage tube for which possible remedies are 
being currently investigated are the tendency of the target to become 
damaged if overloaded by exposure to too high a light intensity and the 
relatively poor resolution capability of the tube. A photograph of a 
resolution pattern generated by the tube is shown in Fig. 13. The 

FIG. 13. Photograph of a test pattern generated by a tube run with V sp = 10 V. 
Diameter of test pattern image on target = 8 mm. 

limiting resolution of the tubes constructed so far has been 15 Ipinam 
which, with the present target, corresponds to only 600 vertical tele-
vision lines. 

It should be possible to avoid the tendency of the target to charge 
beyond the first cross-over potential at high illumination levels by the 
well known method of introducing a stabilizing mesh held at a low 
potentia1.11  To investigate possible causes of low resolution, an image 
section was constructed, terminated with a phosphor in place of the 
target, and the resolution checked. The resolution achieved was better 
than 30 1p/mm, and no deterioration was observed when scanning fields 
were applied, indicating that cross-talk between the scanning fields and 
the image section did not account for the observed loss in resolution. 

It is unlikely that scattering in the target accounts for serious loss in 
resolution, since this is likely to be comparable with the target thickness 
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of 10-20 pin which is less than 33 	the size of a picture element in a 
405-line raster scanned on these experimental tubes. 

The large potential excursions of the target, i.e. a peak white signal 
corresponds to an 8-V potential rise, may explain the in ferior resolution 
of the target, but no definite conclusions have so far been reached and 
work is in hand to investigate the source of definition loss. 

CONCLUSION 

If future work succeeds in overcoming the two defects of the tube 
mentioned above, the excellent performance of the camera in other 
respects, that is, its sensitivity, its exceptional integration and storage 
properties, its low lag, and its easily variable gain, would make this 
tube a very versatile device. 
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DISCUSSION 

B. W. MANLEY: What is the measured target capacitance? 
R. S. FILBY: A peak white signal corresponds to about 3 x 105  electrons per 

picture point and this is accompanied by a rise in target potential of 8 V. This 
means that the effective target capacitance is 1200 pF, which is considerably larger 
than the capacitance calculated from geometric considerations. The dimensions 
of the layer are 20 mm x 15 mm x 10 pan in thickness. If it were assumed that 
all the stored charge resides on the scanned surface of the layer, these dimensions 
give a target capacitance of about 200 pF. 

T. nmenEL: Did you try to evaporate the potassium chloride layer in a dis-
charge in an argon atmosphere in order to obtain low density layers of uniform 
thickness? I have obtained good results with this method. 

n. S. FILBY: No, to achieve uniformity, the platform on which the substrates 
were mounted was rotated during evaporation, but thank you for this suggestion. 
This appears to be a technique which we might adopt with advantage. 
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