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Abstract  

The characteristics of the photographic process which limit 

its usefulness in recording certain types of optical image are outlinedi  

and the advantages of the photoemissive cathode as the primary detector 

of such images are set out. Several methods of image intensification 

and. various practical tubes employing photoemissive cathodes are also 

reviewed. The single stage image intensifier is especially consider-

ed, and ways are discussed in which the light loss, inherent in the use 

of an optical system to photograph the output image, can be overcome. 

One of these alternatives, not previously explored, the thin 

end.dwindaq tube, is regarded as promising, and it is this method which 

forms the main subject of the present thesis. In this method, the 

image on the final phosphor screen is recorded by contact photography 

through a very thin endr4window. 

The need for excluding caesium from the accelerating space 

of such a tube is explained and preliminary experiments are described 

which demonstrate the stability of Sb-Cs photocathodes under these 

conditions. 

The theoretical performance of a thin-window tube is estimat-

ed, particular attention being given to the image resolution attain-

able. The basic design of such an image intensifier is described, 

and the problems that were encountered and the solutions devised to 

overcome them are outlined. The actual performance of such a tube 

is found to agree well with the theoretical estimates. 

The first tubes to be made were found to suffer from the 

disadvantage of a short useful lifetime. This behaviour, interpreted 



as being due to outgassing of metal amponents-of the env:Lope, is 

overcome in all-glass tubes of modified design. In these latter 

tubes, different electrode structures are investigated and the 

characteristics of typical examples are described. 

Finally, suggestions are made tor the future development of 

the thin-window tube, and emphasis is made to the possibility of 

using electron penetration of the endmvindow to produce a photographic 

record directly, 
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Chapter I. Introduction  

The progress of physical researda frequently depends on 

increasing the sensitivity of existing observational methods. Thus, 

in the observation of optical images, there is a need for increasing 

the precision to which optical images can be measured. One method 

of achieving this is to use an image intensifier, and the present 

thesis will be concerned with devices of this kind which use a photo—

emissive cathode as the primary image detector and which make it 

possible, subsequently, to produce a permanent photographic record. 

There are other types of image intensifier, for example those using 

photoconductive surfaces as the primary detector, but these will not 

be considered here. 

The detection of any optical image is essentially a counting 

process and, in an ideal detector, every photon incident on the 

detector would be counted as a single event with the same statistical 

weight; in addition, an ideal detector would not, itself, introduce 

any spurious events. The limit to the detection would then be set 

by the statistics of the photon flux at the detector. Practical 

image detectors fall short of this ideal performance to differing 

degrees. However, for most types of optical image, it is found 

that the photoemissive cathode is a better detector than the photo—

graphic emulsion. The relative performances of these two image 

detectors will now be discussed. In this discussions  the equivalent 

quantum efficiency 1  3 of an image detector is a convenient concept; 

2 this is defined as 



--Er- 

a` = Q0/Q, 

where, if a given observation requires Q photons to be available at 

the detector, Q0  is the number of photons that would be capable, if 

fully used, of yielding the same informqtion. The equivalent quantum 

efficiency is not generally constant for a given detector, but may 

depend upon the intensity and wavelength of the incident light, as well 

as upon the duration of the observation. 

If a photographic emulsion is used directly to record an 

optical image in a spectral region for which the emulsion is most 

sensitive, it is found. that 3,4. the peak quantum sensitivity normally 

attainable is about 0.1 per cent. This means that about 1000 photons 

are required, on average, to produce a single developable grain of 

silver halide. Under very special conditions, where the emulsion 

is only exposed to extremely low densities, this value may rise to about 

0.9 per cent 5, but these conditions are not met in usual photographic 

practice. The value of 0%for photographic emulsions varies with 

light intensity and decreases rapidly for very faint images. For 

very low light intensities, reciprocity failure occurs and proportion—

ately longer exposure times are required to render sufficient grains 

developable for the image to be detected. It may therefore take 

an extremely long period for a satisfactory photograph to be made of 

very faint optical images (such asthe spectrum of a distant star). 

Peak monochromatic quantum efficiencies far photoemissive 

cathodes as high as 35 per cent have been reported 6, but values 

between 10 and 20 per cent are more likely to be encountered in good 
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(-7 
practio 	

) 
nl  photocathodes. A figure of 10 per cent means that, on 

average, one photon in ten produces a single photoelectron. The 

photoemissive cathode, unlike the photographic emulsion, has a 

quantum sensitivity that is independent of the illumination intensity. 

Indeed the photoemissive effect has been found to be linear for 

photoelectron emission rates up to 105  cm-2.sec-1 8,9. For any 

given spectral region in the range 1,000-14,000i, 	a photo—

emissive cathode can always be selected to have a higher quantum 

efficiency than the best photographic emulsion, and this means 

that the information presented by the incident photon flux can be used 

more effectively if a photoemissive cathode is used instead of a 

photographic emulsion. In order that this increase in efficiency 

is not lost, it is necessary to register every emitted photoelectron, 

for example by rendering a single photographic grain developable. 

However, even if only half the number of emitt4d photoelectrons were 

registered, this would still represent a significant increase in the 

quantum efficiency of the whole system compared with that for a 

photographic emulsion. 

It can be seen, from the considerations outlined above, that, 

provided most of the photoelectrons can give rise to a detectable 

event which can be counted., the use of a photoemissive cathode will 

result in a reduction of exposure time compared with that for direct 

photography, for the same accuracy of measurement in the final 

image. Alternatively, the increased detection efficiency can 

make possible an increase in the sensitivity of many existing 



optical devices of comparatively low sensitivity, for example sma31  

telescopes and spectroscopes. 

The decrease in exposure time consequent with the use of 

a photoemissive cathode can be a valuable asset in astronomy, 

particularly for planetary photography. In this application, the 

qnslity of the images usually deteriorates for long exposures, be—

cause of fluctuations caused by atmospheric turbulences, and the 

accuracy of measurement on these images could be improved if the 

exposure time could be reduced to a fraction of a second. 

In the observation of images for which the total number 

of photons available at the detector is small, it is clear that the 

quantum efficiency should be as high as possible. For these applica—

tions, it is usually impossible to use a photographic emulsion direct—

ly to detect such images, because the relatively small number of 

registered events would be indistinguishable from the spurious events 

present (i.e. fog grains). By using a photoemissive cathode, more 

events can be registered and these can, under certain conditions, all  

be distinguished from spurious events. In this way the accuracy 

of measurement on the image can be increased, and it has become 

possible to detect images that have not hitherto been successfully 

recorded by direct photography. Examples of images of this type 

occur in nuclear physics, where the total number of photons 

emitted by the passage of an ionising particle in a scintillating 

medium may be extremely small, or in the study of gaseous 

charges, where it may be required to make observations covering 



only an extremely short interval of time. 

It is sometimes required to detect images of very poor con-

trast, in the presence of light background of level comparable to or 

greater than the image it is required to detect. Examples of such 

images of poor contrast are faint stars of less than 22nd magnitude 

which aro superimposed on a 23rd magnitude per sq. sec. of arc sky 	1 

background illumination. In this application, the problem is to as-. 

tinguish the useful image from fluctuations of the background. The 

accuracy of discriminating such an image increases as the total number 

of events counted, since the useful signal will increase linearly as 

the number of photons recorded, while the r.m. s. background/will in-

crease as the square-root of the number of photons registered due to 

the background alone. Since the ratio of the signal to the r.m.s. 
NITC7 

background fluctuations increases as the/number of photons registered, 

the accuracy of discrimination on the image increases and the wanted 

signal is detected with an increasing degree of certainty; this ratio 

is defined as the coefficient of certainty; and it is usually in the 

range 5 - 10 for reliable discrimination. It is clear that, for a 

given coefficient of certainty, images of increasingly poor contrast 

can be detected as the number of events counted is increased, and this 

depends on the total storage capacity of the detector. 

Photographic emulsions have a relatively small number of 

effective grains per unit area, and the maximum value of the exposure 

time that can be used in practice is set by the eventual overlapping 

of blackened grains - i.e. saturation occurs. The number of useful 
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grains per unit area can be increased by using finer grain emulsions, 

but it is a characteristic of photographic emulsions that their 

quantum sensitivity decreases with grain size. Hence, although images 

of poorer contrast could be discriminated by using finer grain emul—

sions, this would necessitate a very considerable increase in exposure 

time. 

If a photoemissive cathode is used as the primary detector, 

the value of least contrast that can be detected can be decreased 

considerably compared -with that for direct photography, since it is 

possible to integrate the photoelectrons on surfaces of greater storage 

capacity per unit area than the photographic emulsion. This can be 

done by using charge storage of the photoelectrons on an insulated 

surface and. signal plate. Alternatively, if the liberated photo-. 
a grain 

electrons are somehow mare each to render developablq/ of a very fine 

grain photographic emulsion, the exposure time, for a given accuracy 

of discrimination, would be very much less than that required if the 

emulsion were used directly, since the quantum efficiency of the 

whole system comprising photocathode and emulsion would be that of the 

photocathode itself. 

From the above discussion, it can be concluded that the 

photoemissive cathode is, in principle, a better primary detector 

for optical images than the photographic emulsion. However, in 

any practical, photoelectronic image intensifier using a photoemissive 

cathode, it is clear that there are three requirements for the 

greatest improvement to be obtained compared with direct photography. 



These are: 

1.) the photocathode should have the highest quantum 

efficiency possible, under the required conditions. 

ii.) as many as possible of the emitted photoelectrons 

should be detected as separate registrable events. 

iii.) the image intensifier should itself introduce as few 

spurious events as possible. 



Chapter 2. Methods of intensification 

In general, there are two distinab methods of photooJectronic 

image intensification, and both differ in the way the photoelectrons 

liberated from the primary photoemissive cathode are utilised. In 

the first of these, the light image is intensified either by increas—

ing the energy;or both number and energy;of the photoelectrons that 

gre emitted, and these are then displayed as an intensified option-I  

image (on a fluorescent screen, for example) which can be recorded by 

a photographic emulsion. In a variation of this method, the inter 

mediate intensified image can be dispensed with and the photoelectrons 

can be made to produce an image directly" in the photographic emulsion. 

In this method, which will be discussed later, the emulsion is retained 

to record and integrate the final image. 

In the second method, signal integration is used. Here, 

the original light image is converted into an electronic charge pattern 

and it is this charge which is then linearly integrated. The final 

intensified image in this latter alternative is obtained, by scanning 

as a sequence of electrical signals which may be displayed visually 

if desired, and subsequently photographed. 

Although there are many alternative methods which provide 

linear signal integration in the form of electronic charge storage, 

these will not be considered further here since they do not relate 

directly to the work described in the present thesis*  Instead onV 

those methods of intensification will be discussed which providebr 

a high instantaneous light intensification, rather than a high 



storage capacity. Such methods will now be oonsidered and several 

practical alternatives will be reviewed where the final intensified 

image appears on a phosphor screen. 

2.1.1. The conventional image intensifier 

The simplest practical form of image intensifier, shown in 

figure (1)0  consists essentially of a semi-transparent photoemissive 

cathode and para)lel phosphor screen in the same vacuum tube. Photo-

electrons liberated from an optical image on the semi-transparent 

photocathode are accelerated and focussed onto a fluorescent screen 

by means of a suitable electron-optical arrangement. The light 

output from the phosphor is then collected by a lens and the image 

photographed. The phosphor screen is backed by an aluminium reflect-

ing film, in order to enhance the forward light emission and to pre-

vent light feedback to the photocathode. 

The gain will clearly depend on the type of photocathode 

used, the nature of the phosphor and the operating voltage. For 

convenience, it will be assumed that an Sb-Cs photoemissive surface 

is used, with a peak quantum sensitivity of 20 per cent, corresponding 

to about 80 

Let Li be the incident and 1,0  the output radiation (in 

lumens) and let the electrons be accelerated to an energy of V 

electron volts. Then, if the efficiency of the phosphor screen is 

f lumens/watt and S is the photocathode sensitivity in AA, we can 

arrive at an approximate figure for the 15ght gain G of the tube. 
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Thus, 

Lo  = s.f.V.Li 

	

= GLi 	 (1) 

	

If we take s = B0 	L f = 50 I/watt, V = 20 kV, as a 

numerical example, then G = 30. 

The above figure indicates that a reasonable gain could be 

expected from the very simple image intensifier considered. However, 

in practice, it is unlikely that this order of useful light amplifica—

tion can be attained, for the type of tube described, if it is to be 

used for photography. There are two reasons for this. The first is 

that even if the tube were capable of operating with the values used 

in the foregoing numeric*, example, nearly all the light gain of the 

tube would be lost due to the poor acceptance angle of the optical 

system between phosphor screen and photographic emulsion. 

This can be seen with reference to fig. (2) which shows a 

typical image forming system producing an image PI on a photographic 

emulsion, due to a point P at the phosphor. 

Let Io  be the intensity of emitted light at P, and let the 

polar distribution be F(9). Then, if co.( is the angle of emission 

of the extreme ray in the glass end'- indaw that would pass through a 

lens of numerical aperture 114 the fraction of the emitted light to 

reach P' directly is given by the expression 



PHOSPHOR 
	

FILM 
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Io.F(e). Cl R(9)J .T(9) sin 9,d9 
0 

(2) 

10.F(9). sing. d9 

while the fraction of the light appearing in a halo is given by 

F/2 
ir 

Io.F(9) sin 9.de 
9 

fh = K  	
(3) 

.7/2  

cr 	

Io.F(9).sin fi.d9 

0 

„nair . where 00  = 	and K is a constant, depending upon the 
nglass 

phosphor 
degree of optical contact between/and substrate. 

T(9) is the transmission coefficient of the lens 

R(9) is the reflection coefficient of the end window. 

As an example let us consider a lens system of unity npmArical 

aparture working at unity magnification. Then the angle 4  of the 

extreme ray which can pass through the lens is given by 

tan S = A/4. 

so that 	4 = tan-1  " -1-"- 149  

Now if there were complete optioal contact between phosphor 

screen and glass end-window, the corresponding extreme emission angle 

could be found simply from nglass (sin 04 ) = sin 4 or pc 	90 

• 

oc 

fa= 

/2 
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However, if there is no optical contact, bc can be taken equal to A. 

In practice, about 20 percent of the phosphor crystals are 

in optical contact with the substrate so that we must combine two 

integrals in computing the fraction of the light at 14. 

If we now assume that the phosphor screen acts as a Lembert.. 

ian emitter (i.e. F(G) = cos G) and take T(9) 	0.5 at the frequency 

of emission of the phosphor screen (at longer wavelengths, T(9) is 

'significantly greater), then we can oaloulate that only about 3 per cent 

of the light emitted from P in the forward half solid angle will arrive 

at P'. There will also be an intensity contribution due to the back-

ward emitted ?Right from P which' is subsequently scattered and reflected 

to emerge eventually in the forward direction. However, both this 

light and the light appearing, in the halo, which can be calculated 

from eqn, (3), will contribute to the intensity at PI Baldwin also 

give rise to a loss of contrast and resolution of the fine imnge 

This additional contribution, due to the light which is emitted baCk-

laani and then reflected, is taken into account by using a value for 

the phosphor screen efficiency which has been found by measuring all 

the light emitted in the forward direction; this was done in the pre» 

ceding numm-ical example for the gain, by taking f = 50 11/watt. 

Thus, in a single-stage tube using a lens system of unity 

numerical aperture, it can be seen that the effective light gain G 

would fall to about 2. 

However, even this figuretr the photographic gain is 

optimistic because 	the accelerating voltage that can be used is 
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limited. by spurious emission in the tube and the danger of electrical 

breakdown; for the simple tube considered, operating at unity magni-» 

fication„ it is doubtful whether voltages in excess of 10 kV could 

be used. before the light background. becomes unacceptable. 

If the tube is to be employed as a visual device, use can 

be made of the considerable brightness gain, This gain in brightness 

can be further increased by demagnifying the electron image and then 

viewing the screen through an eyepiece. This has been done in the 

Philips X-ray image-intensifier 9' P, developed for the visual 

examination of fluoroscopic images. In this tube the light flux 

gain from photocathode to screen is in the order of ten, but the image 

area is decreased by means of an electrostatic lens system by about 

seven times, resulting in a brightness increase of about 50. As a 

result, the effective gain is now of the order 500. 
- 	- 

Another application, where visual observation is required, is 

the use of the tube as an image converter. Infra-red converters, 

transforming infra-red images into visible ones, have been known for 

many years 11,12,13 • In these converters, gain is not as important 

as obtaining a visible image, and image quality may also be sacrificed 

to some extent. Thus, some intensifiers of this type omit any pro-

vision for fine focussing of the photoelectrons onto the phosphor 

screen; insteadl  the photosurface and luminescent screen separation 

is kept as small as possible. 

It is quite clear theil  that the simple single-stage 

tube as described above is of little value for the photographic 
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Intensification of vertical. images. However)  au obvious possibility13'14  

is to cascade several such tubes, whea a much greater light gain Should 

then be available, 

2.1.2. The cascade image intensifier 

If the Jight from the phosphor of a single-stage intensifier 

is imaged onto a second photocathode, the photoelectrons of which are 

accelerated and focussed onto a second phosphor screen, a two—stage 

cascaded image intensifier is obtained 15, The light gain of such 

a tube is greatest when chosen to match the photocathode in spectral 

response. 

Although two single—stage intensifierscan be cascaded in 

this way by means of a lens, a more efficient way is to use a single 

vacuum envelope and to separate the first phosphor screen and second 

photocathode by means of a thin diaphragm. In this method, little 

loss of image definition results if the diaphragm is sufficiently 

thin, and in practice the diaphragm can be made so thin that the 

resolution will be limited by the size of the phosphor particles. 

Alternatively, if an evaporated phosphor is used, the degradation in 

the final image is likely to be set mainly by the ab/erations of the I 

electron images, and this can be of a very low order because of the 

high ratio of final to initial energies of the electrons in any stage. 

Also, nearly all the light emitted from the phosphor screen in the 

forward direction is incident on the photocathode, and the inefficient 

collections of light inevitable with the use of a lens system is 
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overcome. 

Obviously, more than two stages of intensification can be 

used, and multi-stage tubes of high gain have been reported 16,17,18,19. 

Such tubes should be of particular value where extremely faint tran-

sient images are to be recorded, since it is then possible to record 

nearly every photoelectron emitted from the first photocathode 20. 

The cascaded tube just described is not the only possibility 

of attaining a very high value of light gain. Other possibilities 

exist whiph use alternative means of intermediate electron 

multiplication. 

2.1.3. The transmission secondary-emission intensifier  

The ability to make very thin self-supporting secondary-

emitting films has mad possible the construction of a different type 

of image intensifier from the one considered above, In such tubes$  

the general idea of which was first proposed by Orvin 21  in 1934, the 

photoelectrons liberated from a photoemissive cathode by an optical 

image are accelerated and imaged onto a thin secondary-emitting film. 

The secondary electrons, which are emitted from the other side of the 

film in the same direction as the incident primary electrons, are 

then accelerated in turn and strike a fluorescent screen to form an 

intensified image. Clearly several stages of intermediate multi-

plication films can be cascaded 22  in a single vacuum envelopes  

resulting in a very high electron gain and a correspondingly high 



light gain. 

Work on these tubes is being done at Imperial college by 

Wilcock and Embers= 23 who have reported light gains of the order 

10
5 in tubes using five intermediate electron multiplying stages. 

The films they have used are of potassium chloride supported by a thin 

( A/500 2) layer of aluminium oxide; with incident energies of about 

5kv, secondary emission ratios of 5 have been obtained. One disadvantage 

of such tubes is the large number of stages required if very high gains 

are to be obtained. Because of this, and because of the greater 

spread in secondary electron emission energies compared with those for 

photoelectrons, the resultant resolution in the final image may be 

lower than that for a cascaded phosphor-photocathode intensifier of 

comparable gain. In additions  the statistical spread in the number 

of secondary emitted electrons will result in a significant spread 

in the intensities of the scintillations of the phosphor screen. 

2.1.4. The reflection secondarvemission image intensifier  

An alternative tube, inherently capable of very high gain, 

is one in which intermediate electron multiplication is achieved by 

reflection secondary-emission. In this device, essentially a 

photomultiplier with channeled dynodes, the photoelectrons liberated 

from any small region of the photocathode are accelerated and con-

strained, electron-optically,, to enter a small dynode channel where 

secondary electron emission can occur. The resulting secondary 

electrons are now similarly accelerated and focussed onto a 



corresponding channel Channel of a second dynode. This process can be 

repeated in ten or so dynodes, provided that there is no significant 

spread of electrons from one dynode channel to other channels 

corresponding to another -image element; the resultant gain of the 

tube should then be of the order 106.  

Unfortunately, the practical limitations in. making channels 

of sufficiently small cross-section will impose severe restrictions on 

the limiting resolution that can be attained. Nevertheless, for many 

applications, the high gain available will largely offset the lack of 

resolution, especially since the initial optical image could be great-

ly magnified. It is also possible that such tubes will be of great 

value where very large image areas are required. 

So far, there have been two main approaches to the practical 

realisation of such multiplier tubes. The first, at Imperial 

College 24-, uses cylindrical dynode channels, of dimensions such that 

most of the secondary electrons emitted from its inner surface by 

incident primaries can be made to strike the inner surface of a 

corresponding coaxial cylindrical channel in the next dynode. A 

second approach, by Burns 250  entails the use of mesh dynodes of 

special cross-section. In this method, adjacent meshes are insulated 

and stacked one upon the other, and the individual apertures in each 

mesh form the multiplying channels for each image element. 

2.2. Conclusion 

It would appear, at first sight, that of all the methods 



of image intensification reviewed, the single stage tube of sect. 

2.2.1 is of least value for photography. However, this tube can 

provide a significant light flux gain. The main difficulty is to 

utilise the light emitted from the fluorescent screen with the great—

est efficiency, so that the maximum number of developable grains are 

produced in a photographic emulsion. Then, because such a device 

is likely to be superior to most other intensitieeswith regard to 

the optical resolution in the final image (because there are no 

intermediate multiplying screens, and because there is no image 

scanning system), this tube presents the possibility of considerable 

improvement over airect photography for many purposes. 

If such a tube can be made, with good image quality and with 

a reasonable photographic gain (i.e. 	50), it is likely to be of 

great value, particularly in astronomyland it is this problem which is 

treated in the present thesis, 



Chapter 3, The single-stage photoelectronic tube  

The difficulty of getting an appreciable fraction of the 

luminescent light from the screen of a single-stage intensifier onto 

a photographic emulsion has led to several different approaches to the 

problem of producing a practical tube with a useful photographic gain. 

Ideally it is required that every photoelectron emitted from 

the photocathode should be recorded, producing, say, one developable 

grain on a photographic emulsion. In this way, with a quantum sen-

sitivity for the photocathode of ten percent, one in every ten 

inaident photons would be recorded, on average, and this corresponds 

to a gain of about 100 compared with conventional photography. 

However, if one in every five photoelectrons on average were made to 

render a photographic grain developable, this would still represent 

a significant increase in the effective photographic speed of the 

overall system. 

3.1. The Tollemand method 

In order to overcome the light loss inherent in the use of 

an optical system to photograph the fluorescent image of a single-» 

stage tube, Lallemand 26  has developed a basically different method, 

in which the photoelectrons are directly recorded on an electron 

sensitive emulsion. As early as 19360  Lallemand suggested that a 

tube should be made with photocathode and photographic emulsion in 

the same vacuum space. 

Because practically every electron with energy 10 20 kV 
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can be made to render at least one grain of an electron-sensitive 

emulsion developable, the efficiency of a Lallemand tube is that of 

its photocathode, say 10 percent compared with about 0.1 percent far 

a photographic emulsion. 

Such a tube was made by Lallemandl  who demonstrated that a 

gain of the required order was attainable 27,28. amever, this tube 

rapidly deteriorated in performance because the photocathode was 

'poisoned' by the gas evolved from the emulsion, and the tube became 

useless after about 15 minutes. 

Later, Lallemand succeeded in making a tube that could be 

usefully operated for several hours. This he did by refrigerating 

the photocathode and the film and using successive tgettering0  to 

absorb evolved gases*  In addition mechanical plate changing was 

used, so that several exposures could be made without re-processing 

the tube. A diagram of the device is shown in fig. 3, where means 

are shown for breaking open the Photocathode cell. Here, the 

photocathode is prefabricated in a sealed evacuated envelope, and 

this is introduced into the main tube which is then evacuated. 

After a sufficiently good vacuum has been attained, the cell is 

fractured and the photosensitive surface can then be moved to its 

working position. 

Mare recently 29, Lallemand and his colleagues have made 

a tube which can operate all night without continuous pumping. 

In order to make this possible, they have had to refrigerate 

photocathode and emulsions. The results obtained are excellent, 
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and photographs of excellent; definition and contrast have been 

produced. This is because the resolution of the whole system is 

set mainly by the abberations of the electron-optical system, which 

era made to be small, and also because of the very low inherent fog 

level and fine grain size of electron-sensitive emulsiong4 Buwever, 

this performance is only obtained at the expense of considerable 

complication in the construction and processing of the tube. In 

addition., the device is cumbersome, and considerable practical dif.-

ficulties are involved if the tube is used, in conjunction with a 

telescope, for astronomical work., 

3.2. The thin-film converter. 

In order to overcome the gradual poisoning of the photo-

cathode and its consequent loss of efficiency, diiP to the gas emission 

from the emulsions that takes place in the Tallemand tube, image 

intensifiers hi,ve been made in which a thin membrane separates the 

photosensitive surface and the photographic plate 30,31. Such 

intensifiers operate essentially by the Lallemand method (i.e. elec-

trons ejected from a photocathode are accelerated and focussed directly 

onto a nuclear-track emulsion),but use a thin barrier film impermeable 

to gas molecules but through which electrons of several kilovolts 

energy can pass. 

Aluminium and A1203 foils have been used for the barrier 

membrane but, because of the thickness of the foils ( nJ 700 Ajo 



they mere unaLle .bo vrithstana differential gas prnosuros in excess of 

several hundred microns. As a result, it was necessary to protect 

the foils from atmospheric pressure by means of a glass cap during 

processing of the tube. When the tube is placed in operation, the 

tube is sealed into a plate changer with a vacuum lock'  and the cap 

is removed. In this way the foil is never exposed to any pressure 

differential in excess of ^..; 101r5 mm Hg. 

Hiltner found 31  that a tube using a thin-film had a useful 

life of a few weeks and that, after this time, the photocathode had 

fallen too greatly in sensitivity to be of further use. This is 

probably due to the fact that the barrier membrane is not entirely 

impermeable to gas and this results in the gradual, decline in photo-

cathode sensitivity. The resolution of thirrfilm converters is set 

mainly by the scattering of photoelectrons by the barrier film and 

the finite separation of the film and emulsion. These factors have 

so far resulted in rather poor resolution, especially when compared 

with that obtainable with the Lallemand tube. However, some recent 

work 32, using electrostatic attraction to bring the film into close 

contact with the emulsion has resulted in a promising improvmment in 

resolution. 

Probably the greatest disadvantage of the tube is the 

considerable spurious background that exists due to field emission 

etc. from the tube electrodes. This is such an important factor 

that the useful exposure for which the tube can be used is greatly 

limited. This background emission is due to spurious electron 
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emission whioh results in excitation of the photocathode from 

fluorescence of the ghds envelope and from spurious ions. The 

field emission is due, in turn, mainly to the reduced work function 

of the electrode surfaces as a result of the caesium used in pro-

cessing of the photocathode. 

3.3. The thin end-window tube  

Two possibilities have so far been eonsidered which dispense 

with any optical system to photograph the final image; in these the 

considerable loss of gain inherent in the use of the option-I system 

is overcome. Both these alternatives have been exploited)  but even 

the most recent forms of the tubes are complicated and cumbersome 

especially when they are required for use with a telescope. 

The alternative method 33 now to be described is that in 

which photoelectrons are liberated from a semi-transparent photo-

cathode at one end of a tube and accelerated and focussed to impinge 

on a conventional phosphor screen formed on the inner surface of a 

thin vacuumrtight window. The resulting fluorescent image is 

recorded directly by contact photography, by placing an emulsion 

into close contact with the outer surface of the end-window. Of 

course, the window will have to be made thick enough to withstand 

atmospheric pressure but sufficiently thin for there not to be any 

serious loss of image resolution. 

Such an intensifier tube would have the convenience of 

manipulation and relatively long life associated with sealed-off 
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vacuum tubes. It would. also be of relatively small physical dimensions 

and weight. Thus, if such a tube could be successfully made, it 

would possess very many advantages over existing single-stage 

intensifiers. Since nearly all the light  emitted from the phosphor 

screen in the forward. direction could. be  collected. by a contact 

emulsion, the overall photographic gain of such an intensifier at 

unity magnification would be approximately the theoretical li.ght flux 

gain of the tube itself. 

In adaition4 it should be possible to make the end-window 

sufficiently thin so that the loss of resolution that results does 

not greatly exceed that already set by the phosphor screen and the 

electron optical imageing. 

It is this thin end-window image intensifier tube, that 

forms the subject of the present thesis. The second part of the thesis 

describes the work in which the author participated towards the design 

and development of such a tube together with an assessment of its 

theoretical and practical performance. 
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Chapter 4., The thin end-wind tube; the basic design 

It is the purpose of this chapter to discuss the various 

sections of the thin end-window tube, to describe design features 

of the tube where they differ from other intensifier tubes already in 

existence and to give a description of some preliminary experimental 

work justifying some of these features. In a0Aition, the theoretical 

performance of a hypothetical tube incorporating the features described 

will be estimated. 

4.1. The electron-optical system 

Nagy conventional image intensifiers have hitherto used an 

entirely electrostatic system to focus and accelerate the photo» 

electrons emitted from a photocathode onto a plane phosphor screen 

perpendicular to the axis of symmetry of the tube. This is because 

of the low weight of the complete intensifier system, and. the simplicity 

of power supplies inherent in the use of an electrostatic system. 

However, with an entirely electrostatic Aystem it is generally 

necessary to have a spherically curved photocathode surface concave 

towards the anode in order to achieve a flat image field, free from 

gross distortion. Even with this inconvenient feature the geometry 

and definition leave much to be desired. This may become an 

important disadvantage when large photocathode areas are required, 

because of the difficulty of designing coupling optics with large 

curved image planes. A further factor to be considered is that 
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non-uniform electric fields are generally required in tubes employing 

electrostatic focussing so that, for a given final accelerating 

potential and photocathode-phosphor distance, the electrostatic tube 

is likely to have regions where higher electric fields occur compared 

with those in say an electromagnetically focussed tube with a uniform 

electric field. This means that field emission and the possibility 

of breakdown may be greater for the electrostatic tube; this is a 

most important factor which will limit the final accelerating 

potential (and hence gain) of the intensifier. 

An electromagnetic system, although necessitating more 

equipment, is capable of yielding the highest overall definition with 

large area plane photocathodes and phosphor screens. In addition, 

if a magnetic lens is employed, it permits a uniform electric field 

to be used to accelerate the photoelectrons onto the fluorescent 

screen. For these reasons, it was decided in the author's work to 

employ magnetic focussing and a uniform electrostatic accelerating 

field. In particular, in order to achieve most simply the best 

image quality over a large field, it was planned to use a homogeneous 

axial magnetic field for focussing. 

4+2. The thin end-window 

As has already been pointed out, in order to successfully 

make an intensifier tube of the type under discussionl  it is 

necessary to incorporate a vacuum tight endpswindow sufficiently 

thick to withstand atmospheric pressure yet thin enough so that 



there is no exoesoivo Ions of imago rosolutian with contact 

photography. 

Some earlier work by McGee, of Imperial College, showed that 

thin glass films could be readily made and mounted to withstand a 

pressure differential of one atmosphere. However, these films were 

very thick compared with the thickness of mica required to withstand 

the same excess pressure and, in addition, the uniformity of the mica 

windows was very much better than that obtained with glass films. 

This experience towed that mica was a much better material for thin 

end-windows. 

Experiments to find a practical relationship between the 

thickness of a circular mica lamina and the differential pressure 

required to cause it to rupture were unsuccessful, because the 

scatter of the results obtained was too large for a reasonable 

statistical analysis of the relatively few results to be made. Hour 

ever, the experiments convincingly demonstrated the extreme strength 

of thin mica laminae. 

For test purposes a set of circular mica windows were made 

ranging from 1 to 4. centimetres in diameter, with thicknesses of 

5 - 30 microns (corresponding to approximately 1400 to 8400pg/am2). 
These windows were in the form of a mica sheet sealed between chrome-iron 

annnlnl- rings with a soft-glass solder. The chrome-iron assembly 

was then fixed in a pressure-tight jig, using neoprene 0-ring gasket 

seals, one side of which was connected to a source of variable high 

pressure gas. The highest stable pressure attained before rupture 



of the mica occurred was noted. 

As mentioned, the results obtained Were subject to an 

extremely large statistical spread. However, at least 90 percent 

of the specimens tested (from over 50 tests) ruptured before any 

pressure leakage was observed. The results of sane of the tests may 

be summarised as follows: tests on windows of 2,5 cos diameter showed. 

that 15 microns thick windows could. withstand. 7.2 kilograms/cm2  (lye. 

about 7 atmospheres) without rupture, three out of five windows of 10 

microns thickness could withstand 3.2 kilograms/om2  (the remaining 

specimens fractured at a very low pressure difference) and none of the 

windows of 8 micron thickness could be made to suocesafully withstand 

atmospheric pressure. With windows of 1,5 cos diameter, most of the 

specimens with thickness greater than 10 )1 withstood 5 kilograms/cm2  

(the remaining specimens fractured at pressures less than one atmos—

phere). Other windows with 5 centimetres diameter using mica of 25 

micron thickness have been made to withstand one atmospheric pressure. 

From these tests minimum figures for a safe pressure differential could 

be established for certain thicknesses and a4pmeters of window. 

Henokey 34. has shown that the stress oil  at the centre of a 

circular membrane under uniform pressure is given by: 

0.4233 EP2a2421 2  

where E is Young's modulus, P is the pressure differential, d is the 

diameter and t is the thickness of the film. When the stress din  

rises to the value of the tensile strength for the material 6'6 the 



.36- 

membrane ruptures. This equation states that, provided the thick-

ness of a window that withstands an atmospheric pressure differential 

was increased in proportion to its dinmeter, no breakdown of the 

material should occur. As shown by the test results)  this did not 

seem to obtain in the case of the circular mica windows tested by 

the author. This is perhaps explained by the high degree of 

anisotropy of mica and also, to some extent, by the method of mount 

ing the mica (which is more suitable for mounting the thicker 

specimens). 

4.3. The reversible photocathode  

In the first instance it was resolved that the semi-

transparent photocathode should be the antimony-caesium type, sine 

this cathode is the one most readily prepared, for sensitivity over a 

wide frequency band in the visible spectrum. It was considered that 

other types of photocathode, suitable for special purposes, could be 

introduced when the main problems of the tube had been solved, 

Experience with conventional image converters has shown 

that the maximum electric field permissible is limited by field 

emission and spurious emissions and discharges inside the tube. 

Thus, even if no actual electrical breakdown occurs, the maximum 
light 

exposure time for photography will be limited by the spurious/back- 

ground due to field emission, thermionic emission or ion feedback 

to the photocathode. Most of the spurious light badkground at 

high operating fields will arise because caesium, which is used 
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in the preparation of the majority of high-sensitivity photo-emissive 

cathodes known at the present time, reduces the worlo-function of most 

surfaces which are exposed to it. Thus, the cold-emission current 

density from any metal electrodes is greatly increased, due to the 

reduction of the potential barrier at the surfaoe. This can be seen 

from the Powler-Nordheim equation far the current density J from a sur-

face of work-function ,4: 

-43/2 

Here, a and K are functions of the field strength at the surface. Prom 

this equation, it can be seen that a quite small change in ,13 will cause 

a considerable change in the current density; since caesium oan reduce 

the work function of most metal surfaces several times, the correspond-

ing change in current density for field emission may be several orders 

of magnitude. Thus, Hiltner 35 gives, as an example, that the current 

density is increased from 9 x 10-21  to 1.5 amps. omr2, for a field of 

107  volts oiel, when the work function of an electrode is reduced from 

4.5 to 2 volts. In addition, as a consequence of the reduced workm 
function of metal surfaces, the field-enhanced thermionic emission 

(Schottky effect) will be greater, though this is likely to be of a 

much lower order than that due to field emission. In consequence it 

has been recognised 36, that if caesium were excluded from the working 

space of a tube, it mould be possible to use higher accelerating fields 

without electrical breakdown, and also the level of spurious light 

background at the phosphor screen would be diminished. It should be 
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possible, if caesium in effectively excluded from the aoaelerating 

region of the image intensifier, that the light background at the 

phosphor screen will be almost entirely dice to thermionic electrons 

from the photocathode; this can be of a very low order and cans  if 

necessary, be reduced by cooling. 

It was decided, therefore, to exclude caesium from the opera-

ting section of the thin-window tube, and to achieve this 36  by having 

a processing compartment separate from the accelerating space of the 

tube. During its preparation, the photocathode faces the processing 

compartment and caesium is excluded from the rest of the tube; sub-

sequently, the processed photocathode is turned around to face the 

phosphor screen. 

Neoessarily, the whole scheme is only practicable if the caesium 

that is actually a component of the processed photocathode is bound 

firmly to the cathode and is not free to migrate. That this is so at 

room temperature was by no means obvious from previous experience, since 

antimony-caesium cathodes had usually been prepared, and subsequently 

remained, in an environment of caesium covered surfaces. On the other 

hand, theoretical considerations 37 indicate that the antimony-caesium 

surface should be stable in vacuum, since a well-defined intermetallic 

compound is formed in stoichiometric proportions. 

To test whether the component caesium is bound to a pro-

cessed photocathode, at room temperature, two separate experiments were 

performed. In the first of these, a specially shaped photocell was 

made (shown in fig. 4.) such that one end could be immersed in a Dewar 
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flask: oontaining liquid air while the other end., with the photocathode 

layer prepared on the inner surface, remained at room temperature. 

The photosensitivity of a small region of the photocathode 

was first measured over a period of several days in order to check that 

the photosensitivity had attained a steady value. This was done so 

that the usual initial drop in photosensitivity experienced after pro-

cessing a photocathode would not mask any other effect, such as the one 

under examination. After six days the photocathode sensitivity appeared 

to be stabilised at 75 percent of its maximum value and the asymptotic 

value for its sensitivity was noted. 

The long cylindrical end of the tube was now immersed in a 

Dewar flask containing liquid nitrogen while the upper end with the 

photocathode was maintained at room temperature. The photosensitivity 

of the small region of photocathode previously monitored was then 

measured at frequent intervals, No change in the sensitivity was 

detected from the initial asymptotic value even after a period of seven 

days; during this time the liquid nitrogen was replenished and main-

tained at a constant level. 

A subsidiary experiment was then performed in which the large 

end of the tube was still held at liquid nitrogen temperature while 

the photocathode end of the tube was heated and its temperature raised 

in steps, with at least one hour allowed for the photosensitivity to 

become steady at each temperature step. In this experiment, no 

change in photosensitivity was observed until the temperature was 

raised from 50°C to 6000 when a decrease in sensitivity began to 
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appear. The temperature was then reduced to 50'b, when the photo-

sensitivity again stabilised, although this time at a lower value. No 

further change in photosensitivity was measured after a further week 

had elapsed. with the photocathode once again at room temperature and 

a further week in addition with the whole tube at room temperature. 

It was tentatively concluded from these experiments *hat no 

caesium could migrate from an Sb-Cs photocathode at room temperature 

and that this stability could. be  maintained over a range of temperatures 

in excess of that which might be encountered in the practical operation 

of an image tube. If any significant quantity of caesium had migrated 

from the photocathode during the experiment, it would have remained firmly 

trapped on one of the surfaces at liquid nitrogen temperature. In this 

case the photosensitivity of the monitored. region would undoubtedly 

have fallen since the sensitivity of Sb-Cs cathodes depends crition)v  

upon the amount of caesium present in and on the layer. Furthermore 

if any caesium had left the photccathode and had been trapped on one 

of the cold surfaces, it is very probable that it could then leave 

these surfaces when they again reached room temperature, and the photo-

cathode should then regain some of its lost sensitivity due to re-

activation at room temperature. Although such reactivation would take 

a long period to occur, no rise in sensitivity was observed even seven 

days after the cold surfaces had returned to room temperature. 

Finally, the argument that the initial fall in sensitivity, 

encountered immediately after processing of an Sb-Cs, is a result of 

caesium migration from the photosurface„ is disputed. Such a fall 
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occurs in all SIDOs photocathodes whether they exist, subsequent to 

processing, in an environment of caesimt&I or non-caesiated surfaces. 

Indeed, this initial drop in sensitivity occurs even when there is 

some free caesium metal present in the same space as the photocathode 

when, because of the relatively high vapour pressure of caesium, an 

equilibrium would rapidly be reached. between caesium leaving the photo-

surface and caesium arriving at the surface. It is the authorls opinion 

that the fall in sensitivity almOst universally observed is most pro-

bably due to reaction between the photocathode and residual gases in 

the vacuum envelope. Thus, it has generally been observed that the 

initial fall in sensitivity of a photocathode can be correlated with 

the vacuum in which it exists. 

A second experiment, designed to see whether the constituent 

caesium was firmly bound to an Sb-Cs photosurface, consisted in pro-

cessing a photocathode and then exposing it to a vacuum space bounded 

by an enclosure of non-caesiated surfaces. In this experiment, a 

tube was made with two compartments separated by a caesium-tight shelf, 

=which a photocathode plate was mounted. The shelf and plate were 

so arranged that the latter could. be  reversed at will to face either 

compartment. The processing compartment was provided with side-arms 

and electrodes, and. an Sb-Cs photosensitive surface was deposited on 

the corresponding side of the reversible photocathode plate. The 

tube was then sealed off from the vacuum pump and the transmission 

photosensitivity was measured daily. Alter five days had elapsed 

the photosensitivity appeared to be stable and the photocathode plate 



was then turned over so that the photo-surface faced the compartment 

in which there were no caesiated surfaces. The transmission photo-

sensitivity was again measured daily for some weeks and then weekly, 

and a graph plotted of photosensitivity against time (fig. 5). It 

can be seen that no sudden fall in sensitivity was observed when the 

photocathode was reversed, and no unusual decline in sensitivity was 

observed over a period of several months, 

This experiment gave additional strong evidence that 

stantially no caesium is free to migrate from an Sb -Cs photocathode at 

room temperature. The two experiments described above were oonsidered 

to be reliable proof that a reversible photocathode is a very practic-

able technique for image tubes where it is required to exclude Cs from 

the working space. 

4.h. The phosphor screen  

The basic requirements for the phosphor screen in the thin-. 

window image tube can be simply summarized. It is necessary to have 

the highest energy conversion efficiency for cathodoluminescence, con-

sistent with a spectral distribution for the emitted light such that 

an optimum photographic effect is obtained. In addition the screen 

must be capable of very high image resolution. However, if the 

tube is required for special purposes, other than photography, 

special phosphors can be provided with special characteristics (e.g. 
a short decay phosphor). 
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The first requirement is relatively easy to satisfy, since 

silver-activated zinc sulphide phosphor (ZnS:Ag) has not only the 

highest intrinsic efficiency for cathodoluminesoence so far 

observed 38, but the spectral distribution is a narrow band of freq-

uencies with a peak emission at about 4-500 L Fast photographic 

emulsions.operating under the most efficient conditions (i.e. when they 

have not been sensitised for spectral regions other than blue) are 

normally most sensitive a\ about 4000 A, so that it appears that 

ZnS:Ag is the best phosphor material to use for photography with an 

unsensitised emulsion. 

Unfortunately the oonditions for optimum screen efficiency 

conflict with those for optimum optical resolution. Thus, the con-

ditions for the best resolution are that the phosphor screen should 

be as thin as possible consistent with an adequate coverage of the 

whole image field (i.e. it should have the least coating density) 

and that it should consist of crystals of the smallest physical 

dimensions; evaporated ZnS:Ag phosphor screens can be discounted 

here, because they have not, hitherto 39, yielded luminescence 

efficiencies of anything like the order of conventionally deposited 

screens. On the other hand, there are definite conditions for 

optimum screen efficiency. This is because the fraction of the 

primary energy that is absorbed in a phosphor screen is a function 

of the thickness of the luminescent layer, and increases until the 

thickness exceeds the penetration limit of the primary electrons, 
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while the light output in the same direction as the incident primaries 

will depend both on the total light output and the screen thickness. 

Hence, if the luminescent layer is too thin, the energy of the primary 

electrons is not converted to light radiation with maximum efficiency 

while, if the layer is too thick, the absaciption and scattering of 

light emitted in the forward direction will be greater. 

It can be seen, therefore, that, for a given primary electron 

energy, the highest light output in the forward direction is obtained 

for luminescent layers with thickness approximately equal to the 

effective penetration limit far the primary electrons. The term 

effective penetration limit is used here since the penetration limit 

is normally derived as the range of primary electrons normal to the 

layer. In a fluorescent screen because the primary electrons are 

scattered sideways, a much larger part of the primary energies will 

be lost close to the surface than would be expected from the calculated 

range of the primaries. As a consequence, the thickness of the 

luminescent layer can be made smaller than the calculated primary 

range in order to obtain optimum total light output. 

It is clear that since the effective volume density of a 

luminescent screen composed of a large number of loosely packed 

phosphor grains will vary with the grain size, a different layer 

thickness will be obtained, for a given primary energy and current 

density, depending upon the mean particle size. In general, the 

highest conversion efficiencies are obtained for screens of large 

phosphor crystals because the processes used in obtaining fine 
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phosEhor particles (i.e. ball-milling etc.) usually result in poorer 

efficiency for screens of smaller crystals. 

Finally, it is necessary to consider the effect of a reflecting 

aluminium backing to phosphor screens. Such a backing is essential in 

image tubes of the type considered mainly because it can prevent light 

feedback to the photocathode and because it enables the phosphor screen 

to be maintained at a fixed potential. Another role of the aluminium 

backing is to reflect forward the light emitted from thephosphor 

screen in a backward direction. However, this latter function increases 

the effective efficiency mainly for applications where poor resolution 

is acceptable. In very high resolution applications, the gain in 

light intensification to be had by using Al backed phosphor screens is 

uncertain, since light which originates near the substrate and is then 

reflected to emerge finally in a forward direction will not, in general, 

be reunited at the corresponding point in the final image, but will 

give rise to contributions to the image at nearby points. Thus the 

total light in the final image is increased, but its distribution tends 

to make the overall resolution and contrast in the image worse. Also, 

because the aluminium backing must be quite thick ( iv 800.0 to be 

reasonably opaque to the light fluorescence, a fraction of the incident 

primary energy is lost., Nevertheleso, such a backing is still nec-

essitated because of the first two requirements already mentioned, 

From the above considerations, it can be seen that the 

exact form of phosphor screen to be used in an image intensifier will 

depend upon the application to which it is to be put. However, it 
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is clear that the material will be always the same for photographic 

applications. It was decided, therefore, to use ZnS:Ag screens with 

aluminium backing of negligible optical transmission. 
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Chapter 5.  The theoretionl,performance of the tin window tube 

5.1. The 14ght flux gain  

The simple calculation of light gain of a single—stage image 

intensifier outlined in an earlier section is only of an approximate 

nature, since it involved measures of photocathode and phosphor effic-

iencies in terms of the lumen. A much more rigorous derivation of the 

light gain of such a tube can be obtained in the following manner. 

Lot us consider the curves damn in fig. 6 where 

40,0'0 is the quantum sensitivity of an Sb:Cs photocathode 

of 90 	L sensitivity as a function of the wave—

length CO (after Burton 6) 

E (1,0 is the spectral energy distribution of the light 

emitted by a ZnS:Ag phosphor as a function of >1 

(^,N) is the spectral energy distribution of a source 

of oolour temperature 5400 2', corresponding to 
sunlight. 

Then if M is the average number of photons emitted from the 

phosphor screen for each incident primary electron: 
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and the mean emission wavelength ,N is therefore given by 

12  E(N).0% 

75, 
E(N).(3)% 

0 

Mandel 4° has performed this calculation, usitg the curves 

shown. in in figure 6, and has obtained A =2= 4770A which corresponds 

to a mean photon energy of 2.6 eV. As an example in this case, we can 

assume that the energy of the primary electrons is about 20 kV. 

Bril and Klasenm 38  have found that the intrinsic energy 

conversion efficiency for a ZnS;Ag phosphor screen can be as high as 

about 23 percent. However, this efficiency was measured under rather 

special conditions which may not necessarily obtain in practical image 

tube phosphor screens, Thus, Bril and Klasens made measurements on 

very thick ZnS screens composed of relatively large crystals. In 

addition the measurements were made at relatively high current den—

sities ( iv 2. ,2A/con2) which one would not normally encounter in 

image intensifiers, The efficiency of practically settled screens 

of ZnS:Ag is generally lower than that quoted by Bril and Klasens, and 

Hill 41  has indicated that 18 percent should. be  regarded as a more 

realistic figure for the intrinsic efficiency of a settled ZnS:Ag 

phosphor screen of fine grain. 	This reduction in efficiency in 

practically settled screens is partly due to the faot that although 
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the mean coating density of a settled phosphor layer may equal the 

theoretical coating density required for optimum efficiency for forward 

emitted light, the actual local variations in surface density maybe 

considerable. Since the efficiency falls for phosphor layers that 

have surface densities both greater or less than the optimum value, the 

resultant efficiency obtained in practice will inevitably be lower than 

the maximum theoretical value (as measured by Bril and Klasens on thick 

phosphor layers). 

It has also been found that only about 30 percent of the light 

from a phosphor screem is emitted in the forward half solid angle 38, 

This is because of the isotropic light emission from individual phosphor 

crystals, and because of scattering and absorption in the layer. Finally, 

some improvement in the forward light emission is to be obtained by 

using a reflecting aluminium backing; Bril and Klasens 38  give a factor 

of about 2 for the improvement to be obtained in this way. 

Using the above results, we can obtain the mean number of 

photons N emitted in the forward half solid-mangle 

20 x 103  
2.6 	x  0.18 x 0.3 x 2 

N 	830 photons per electron. 

Now, in 'order to estimate the light gain of the tube for 

incident light of the same quantity as the output light, we must find 

the mean quantum efficiency lie the photocathode over the spectral 

region of the phosphor emission. As a first approximation, we may 

asmni, that the phosphor emission is almost monochromatic when, from 

the curve in figure 6 we obtain cr",_ 	]4 percent. 
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Thus the overall light gain of the tube gb, for the incident 

light with the same spectral distribution as the phosphor emission, is 

easily seen to be 

gb -S4- 830 x 0.14 =115 

Similarly, the overall light gain for the incident light 

having the spectral distribution of sunlight can be found by computing 

the mean quantum sensitivity of the photocathode -CPs  to sunlight from: 

i(?‘ ) WO% 
0  
00 

'A 1( )(1 .  

Mandel 40  has performed this calculation and found that 

c7's 
	2.5 percent. It can immediately be seen, therefore, that the 

overall light gain for incident sunlight is 

gs  = 830 x 0.25 '12:21 

It is necessary to point out that the gain figures derived 

above are photon flux gains, so that the actual gains obtainable will 

depend upon the nature and spectral sensitivity of the detector. Thus, 

if a photocell is used to compare the input and output intensities 

from the image intensifier, the value of blue—light gain obtained will 

be the calculated value gb. In general, however, the value of sun—

light gain obtained will differ from gs. 
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Finally, it is important to realise that the estimates of 

gain have been made under very specific conditions, and they represent 

an upper limit to the gain at 20 kV. These conditions may be 

summarised thus: 

a) the quantum sensitivity figures used have corresponded to 

a photocathode sensitivity of 90pAiL (see Appendix 1); 

b) the fluorescent screen efficiency is attainable only for 

the conditions stated - viz: large phosphor crystals and 

medium current densities; 

0) all  the light emitted from the phosphor screen in the forward 

half solid-angle is collected. 

In practice, it is unlikely that all these conditions will 

obtainpand values of photocathode sensitivity of about 40 pil/L are 
more probable. Also, fine grain screens are almost certainly nec-

essary where high resolution is required; thus for 211 particle 

screens only about 80 percent of the efficiency of 5)1 particle screens 

may be expected. Under these conditions, a more reasonable figure 

for gb would therefore be about 40. 

It is necessary, in conclusion to mention the effect of 

current density on the gain of the intensifier. As has already been 

pointed out, the gain figures have been derived using values for 

the intrinsic phosphor conversion efficiency obtained under conditions 

of relatively high current density (2 
	

2). On the other hand, 
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it is far more probable that values of current density cons-it-lel-ably less 

than 10-6 	m2  will be encountered in the practical use of such tubes. 

There is evidence 42,43, however, that the light output from a 

cathodoluminescent screen does not always vary linearly with current 

density at low current densities, but that there may be a departure from 

linearity depending upon the type of phosphor material used. Thus, 

Lasof 42, has measured the variation of luminescence efficiency during 

steady primary excitation as a function of current density for settled, 

aluminium backed, screens of zinc-cadmium sulphide with silver activator. 

He found that the luminescence efficiency of the phosphor may be 60 per- 

cent greater at 3 	2  than it is at 10-4 	cmL2. Other phosphor 

screens (viz: Zn2SiO4:Mh) exhibit a decrease 4.3 of efficiency as the 

current density is increased, even at levels far below those likely to 

give rise to saturation effects. Nevertheless, Stoudenheimer has 

reported H  that the cathodoluminescent efficiency of ZnStilg, like that 

of ZnS,CdLtig„ increases with current density, at least over the range 

normally encountered in image tubes. Hence, at the low light levels at 

which an image intensifier tube may be required to operate the flux 

gain may well be lower than that calculated for gb and gs; but the 

nature and magnitude of this cannot be predicted from existing experi-

mental data. 

5.2. The photographic gain 

If the intensities at the input and output of the thin-window 

m Private communication 
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intensifier are such that no reciprocliAly failure is occurring for a 

given photographic emulsion, and if the photographic gain is obtained 

as the ratio of times required at input and output in order to obtain 

the same grain density, then the value of gain obtained willbe the 

same as the flux gain go  provided that the input and output light has 

the same spectral distribution and that the tube is operating at unit 

magnification. 

If the input light is not of the same spectral distribution 

as the output, there will be a correction factor to the flux gain because 

of the spectral sensitivity of the photographic emulsion. If we take 

sunlight as an example, the spectral energy distribution of which 

I( ?) is shown in fig. 6, then we can calculate a gain factor g far 

photography if we know the spectral energy sensitivity SW of any 

photographic emulsion. A typical curve for a fast emulsion is shown 

in fig. 6. Then g is given by 

oo 

f 
	.(,)d, 

g= 	o  
oo 

s( 	 ID%  

Mandel 4° has calculated this factor and finds that g 	2.7 so that 

the photographic gain for sunlight will clearly be 2.7 x gs, which 

from above = 2.7 x 21 4-2' 57. 
So far we have only considered the photographic gain far the 
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intensities at input end output of the intensifier within the linear 

portion of the photographic exposure characteristic. If the input 

light intensity is decreased sufficiently, however, a point will be 

reached where the light flux in the input irrnge will be such that 

departure from reciprocity would be appreciable if the image were 

photographed, while the light flux at the output (intensified say 

50 x) is still well above this level. The precise magnitude of this 

effect will necessarily depend on the type of photographic emulsion 

used and upon the input light intensity, but an indication of the 

effect may be seen from data 4.4.  on very fast emulsions which are 

frequently used in astronomy. Thus, if Kodak Oa emulsion is used 

(one of the best fast emulsions available from the point of view of 

minimum reciprocity failure) and if the intensifier has a flux gain 

gb of 50 then, to photograph an object with an intensity such as to 

necessitate an exposure of 1 minute at the tin—window end of the tube, 

the time that would be required fur the same grain density to be 

obtained from the original image would not be 50 mins, but at least 2 

hours (i.e, equivalent to a photographic tube gain of f )̀  120) because 

of the relatively reduced speed of the emulsion when used. at the 

longer exposure time. 

Mandel 45 has investigated theoretically the photographic 

sensitivity of thin-window image intensifier and has predicted an 

additional effectThich is likely to still further improve the blue—

light photographic gain compared with the flux gain. He finds that 

the photons emitted from the image tube have a strongly clustered 
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spatial distribution, and that this effect can materially improve the 

probability that one scintillation in a single-stage tube will give 

rise to a developable grain in the contact emulsion. This effect 

depends considerably upon the thickness of the phosphor and end- 

window separating emulsion and phosphor screen. 

It is important to point out that Iviandel, in his work, has 

calculated that this photon 'bunching' effect can be of major importance 

in a two-stage thin-window tube, when the number of photons emitted 

for every scintillation in the final phosphor screen may have a greatly 

increased probability of producing a developable grain. In this case, 
as well as the thickness 

the thickness of the intensifying screen/of the end. window will be 

significant factors. 

L. final factor need be mentioned with regard. to the photo-

graphic gain of the thin-window tube, namely, the effect of X-

radiation. It is well known that a small but finite probability 

exists for an electron of 20 kV energy producing an X-ray quantum; such 

X-ray quanta would then have a high probability of penetrating the 

thin end-vindow. 

Unlike single photons of small energy, radiating in the 

visible spectrum, single X-ray quanta have a very significant photo-

graphic effect. Thus, X-ray quanta with energies ranging from 1000-

30,000 volts /1  are capable of producing one or more developable grains 

in a photographic emulsion. For this reason, although the fraction 

of the primary electron energy that is converted to X-radiation is 

m Private communication (Ilford Ltd.). 
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extremely small (of the order 0.01 -. 0.1 percent), such X-radiation 

may contribute to the photographic gain of a thin-window tube. 

It is of especial interest to note that, although the effect 

of X-radiation on the photographic gain of the tube is unlikely to be 

normally noticeable, such an effect may become increasingly important 

as the intensity of the 'light input to the tube is deaceased. Indeedy  

when the input intensity has been reduced so much that recilwocity 

failure is occurring in the exposure at the output of the intensifier, 

the effect of X-radiation on the exposure may become dominant, since 

only one X-ray quantum is required to produce a developable grain where 

several visible photons would have been required in short succession 

(the probability for the latter occurring would, of course, decrease 

as the intensity of the output image is diminished). 

5.3. The image resolution 

factor of comparable importance to the gain, in assessing 

the performance of the thin-window tube, is the resolution obtained 

in the final image for a given qnl  ity of the image at the photocathode. 

This is because the demagnification permissible in the input Image to 

the tube will be set by the resolution permissible in the final image, 

and hence by the resolution of the tube. This resolution will also 

be of importance since the maximum intensity of fine images (and hence 

the gain of the system) will increase as the resolution improves. 

There are several distinct stages by which the input image 

at the photocathode is successively degraded. They may be classified 

thus: 



1) the loss in resolution in the elsotrou Image at the phosphor 

screen; 

2) the effect of curvature of the end-window on the image 

definition; 

3) the further loss of image definition due to the effect of 

finite thickness and grain size of the phosphor layer; 

ii.) the degradation of the image due to contact printing through 

an end-window of small but finite thickness. 

These factors will now be considered in turn. However, in 

the following discussion, perfectly homogeneous and parallel electric 

and magnetic fields will be assumed, and the effect of the actual 

photography on the resolution of the final image will be ignored 

since the grain sizes in typical fast emulsions are relatively small. 

Finally, the factors 3a and if) above will be considered together. 

5.3.1. The curvature of the end-,window 

Before the resolution in the electronic image is discussed, 

it is necessary to know the form of the image plane. This will be 

set by the curvature of the end-window, and it is necessary, therefore, 

to consider this first. 

In all the subsequent theory only circular end-windows will 

be considered, and we shall take it that the window is in the form 

of a thin lamina mounted between two ooncentrio annuli of the same 

diameter. We require to find the form of the deflection of such a 



thin circular lamina under conditions of uniform transverse loading 

intensity (i.e. loading perpendicular to the plane of the unflexed 

lamina). 

Because of the high degree of anisotropy of thin mica 

laminae, and the consequent difference between elastic constants for 

directions parallel and perpendicular to the plane of lamination, it 

is very difficult to construct any accurate theory to represent the 

flexure. However, because of the nature of mica (viz, its uniformly 

laminated structure) we may invoke some theory that refers to isotropic 

bodies. Thus, for example, we may consider the case of a thin mica 
of 

cantilever clamped horizontally at one end. The flexurgithe mid plane 

of such a mica beam will remain unchanged whether the beam is isotropic 

or anisotropic, provided that the value of Young's modulus everywhere 

parallel to the beam remains unchanged. Only the value of Poisson's 

ratio will be difficult to assess, since this relates all the elastic 

constants and is a measure of the anisotropy of the medium. However, 

as 151B shall  see, we may find the form of flexure of the circular mica 

lamina, though it will be difficult to accurately assess the magnitude 

of the maximum deflection. 

We have the result (derived in an appendix) for the equilibrium 

of any thin lamina under conditions of uniform loading intensity Z 

perpendicular to the plane of the unflexed lamina: 

Z = D. V41.) 	.....(1) 

Here, (..) is the deflection perpendicular to the unflexed 

plane and D is a function of the elastic constants of the medium, 



given by 

D  = 2E0 

3(1 - 0-,2) 

where E is Young's modulus, c-is Poisson's ratio, 2h is thickness of 

the lamina. Thus, if Z is known as a function of coordinates, we 

may find the form of the flexure of the mid-surface provided the 

boundary conditions are known. 

Let us consider the circular end-window of radius a and thick- 

ness 2h, with polar coordinates (r,G) about a polar origin at the 

centre of the window. Then we may write down the boundary conditions, 

d24-.D which are that 	and 	must be finite at r = 0 and also that 

d 	c)  and 	are zero at the boundary (i.e. at r = a). Finally, we note dr 

that Z is independent of the coordinates and is everywhere constant 

and equal to the atmospheric pressure p. 

It is convenient to rewrite equation (1) in polar form. 

We note that 

2 - 	
/ 	4.  1 	2 	(3) 

-2r 	.; 	r2  .?) G2  

	

Also we may write 	= f(r) only, because of the cirolo  nr  

symmetry of the loading and, hence, symmetry of the boundary conditions. 

Then, from (1) and (3) 

Z p2  .„ 1 
D = art *r 

2 
d: 
dr ' 

 

 

which is a differential equation giving the deflection Lo at any rs 

From (2) we can regard D as oonstant since E is constant everywhere, 

and cl although it may not be constant with by is independent of r 

dr2 
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and 0 fora glven small h. 

Now Z is oonstant and oqual to the stmosphoric pressure p. 

Thus, 

(r  lia)}] 
D r dr r d rd dr ' 

jam 1114:4  
By successive 	

7teia.ex. 
we find 

- dr 	D lb [-pi' 	+ 	r,'  • r3 	( 
2 

2 log ril) + 	+ 

   

(5) 

   

 

40v ,s0(6) 

    

,... 

and G3 =  2. 7 z4  + 77\l Ar2f .. 	og r.1) + Br2 D 	— + C log r + E 

   

  

(7) 

  

   

where Al  B, C, D, and E are constants of integration and may be deter- 

mined from the boundary conditions. 

From the condition that co and d21.' must be finite at r = 0, 
dr 2 

we find that A and C vanish, 

Thus, 

c„, = 2[r4-  Br2 	11 
D TA: 7.+ E  

Also, from (6), we obtain 

al., _2 r3 Br 
dr 	D 	6 ' 2 17 	

] 
	

(9) 

	

so that, from the condition that a 	- 0 at r = a, we have 
dr 

2 	Ba 
D 

a2 
= 0 	or B = r 	(10) 

Finally, from (8), putting w = 0 at r = a, we find 

Ba2 

	

	al+ +E=0 or E=7 40011,0(11) 



Therefore, we ue can write dorm the farm of the mid-surface 

deflection thus: 

(a2 r2)2 	 4.41***(12) 

The form of this curve is plotted in fig. 7, where the shape 

agrees well (i.e. within 10 percent) with experimental measurements taken 

with a travelling microscope on a mica window of 15 micron thickness 

and 2.5 cms diameter. In fig. 7 the curve given has an abscissa-

ordinate ratio which has been deliberately exaggerated to emphasise 

the form of the deflection and is derived from equation (12); points 

aremarkedon this curve which have been obtained experimentally, and 

their .scale is normalised so that the maximum deflections coincide. 

From equation (12) the maximum deflection 4:)max  is clearly 

given by 

molt = a
4 	

411,4 40 .,(13) 

However, it is very difficult to calculate this value theoretically 

since D, and hence t) max: depends on the accuracy to which osis known. 

Unfortunately, due to the high degree of anisotropy of mica, the value 

of CPU very close to unity, so that the value of D will depend sig-

nificantly upon orders of inaccuracy of ^a 104+ in 15% (since cr.^-) 0.999). 

The alternative that canbe used, since the analytic form of the deflec-

tion is known as a function of the end-windaw thickness, is to measure 

max experimentally for a given thickness when the values of Cs 

can be calculated for any other thickness of the same order of 

magnitude. 

From experiments on mica laminae of approximately 15 microns 
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thiokooan and 2.5 cant! ainmetor, the maximum dpflootion has been 
found to be about 0.05 ems. Thus*  the form of the deflection of such 

a mica end-window is known both qualitatively and quantitatively*  and 

we shall use this as the basis for calculations of the resolution in 

the electron image at the phosphor. 

5.3.2. The resolution in the electron image  

In the following* we shall assume that the photoelectrons 

emitted from a plane semitransparent photocathode are acted upon by 

an electron-optical lens consisting of a constant longitudinal 

homogeneous electric field E together with a parallel superimposed 

hojogeneous magnetic field H. The action of this lens will be to 

image the accelerated electrons onto a curved phosphor screen whose 

tangent plane at the mid point is parallel to the photocathode. We 

shall also assume that the photocathode layer itself does not degrade 

the incident image*  since this layer is extremely thin, 

If the electrons*  ejected from a semitransparent photocathode 

by the action of an extremely small light spot*  were emitted 

with constant energy*  a perfectly reproduced image would be obtained 

in the image plane for paraxially emitted electrons of that energy 

at a distance Z = d*  say*  from the photocathode. 

Unfortunately*  any semitransparent photoemissive surface 

is characterised by a particular spread of the initial photoelectron 

energies; this spread depends upon the work function, on the position 

and width of the electronic energy level bands*  on the nature of the 
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incidinit illumination and uponothcrphotocathoae properties. Such a non-

homogeneous initial energy distribution gives rise to chromatic 

aberration in any image plane. 

Even in the absence of chromatic aberration, where all  the 

initial electron energies have the same finite, non-zero, value, aberra..-

tions will occur as a result of the angular distribution of the electron 

emission. In this case the electrons will give rise to a longitudinal 

caustic in the image region. 

Because of the distributions of emission angle and energy for 

the photoelectrons, the electron image resulting from a point of light 
photocathode 

on the 	. in any plane Z will not be a 'point', but rather a disc of 

confusion. The intensity distribution in this disc of confusion, due 

to a uniformly illuminated extremely small spot at the photocathode, will 

influence the resolution in the electron image. However, although this 

intensity distribution will be considered in more detail later, we 

Shall  initially assume it to be Gaussian. 

The electron trajectories in the electron-optical lens con-

sidered are represented by helices, with radii determined by the initial 

velocity component parallel to the photocathode plane Vy. Since the 

electric field is constant and homogeneous, the initial velocity com-

ponent parallel to the axis of tube vz  will determine the time of 

flight to any image plane. The component Vy does not affect the 

longitudinal electron motion in any way, since the period of rotation 

of an electron in the magnetic field is constant (the cyclotron period) 

and independent of vr. 
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If we consider any typical photoelectron emitted with 

velocity components (vy, vs), then it will take some time to reach 

any plane Z, given by 

z = vz.t -Erre, t2  

i.e. 
-v ± v 2 

t 	z  

Ee/m  

Here, the negative root is neglected, and only positive 

values of t are regarded as meaningful. 

Lfter time t, the electron will not necessarily have com-

pleted a loop of a helix, for given values of H and z„ and this will 

depend on vy. This is shoran in fig. 8, where the electron has 

rotated through c4 	of the helical loop. 

2Eez 
m 

 

(1) 

   

   



H 
11001)4.(3) 

4mvy  
--- 	 4.- sin He 
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if 

Nowdthere 3s some image plane, at a distance Z from the object plane, 

close to the Gaussian image plane z = d, then the photoelectron will 

intersect the z-plane somewhere on the circumference of a circle of 

radius 	/'21  where from fig. 9, 

s _22.1 sin H  (-vz 	vz2 He 	2E 

or, approximately, if 2Eez 
	vz20  

2Eez) 
m 40114.rip(2) 

where, if we write 

H \/(^ 2Eez 
- 2E m 

= 4mv sin 9 	Hv cos 9)  . sin 06 
He 	2E 

where 9 is the polar emission angle of the photoelectron and v is its 

resultant emission velocity. 

Since we are only concerned with imageing close to z = d, we 

may regard  Hv cos 9 
2E 

as small, so that we may rewrite equation ( 5 ) 

21.mv sin G  [sin  Is 
He 

p. HV cos  
2E 

 

(6) 

 

Now the diameter of the disc of confusion for any given 
values of H and z is given by-- 

	
= 0; i.e. for the maximum value 

757 
of S = 2s l•  Thus, from (6), this condition is given by: 

sin 91-  111/ 	 Hv 2E  cos A. sin 6] 4- cos Lsin - cos p. — cos 9 ZE 	=0 
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Hv 	cot 14 or 	cos2  9 ... cos 	Hv cot  
2E 

Solving for cos 9, we 'Obtain 
.1•••• 

I. 	2x2v2  cot2  
E2  

2Hv cot 4: /E  

Only the negative root need be taken in equation (7) since 

only photoemission in the forward direction (for z, positive) is 

considered, where 	f72 %.% 9 	0. 

Then, 
2__2 cost 	E2  sing  Vrai-vp 

cos G = E 
 sin  

 2Hv cos )6 

which gives the value of 9, defining the diameter 	l of the disc 

of confusion in any plane z, for any value of the magnetic field H. 

It is now necessary to examine the variation of the disc.., 

of confusion girl f(H,z) as the value of z = d+ 48,z changes. For 

this, we take H as a constant value giving rise to focussing of zero 

energy electrons at the image plane z = d. Then 

H = 2E ir
Med 
	 (9) 

We can nog rewrite (k) to give 

b=2  2Eed 	z 
m 	) 

where 

(1 ZS Tr  
2d 

7r 4. f3 

= 
2d 

to a first order 

     

005 9- 

2 

0.01.0(7) 

(8) 
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Similarly, revriting equations (6) and (8) to a first order in terms of 

7i 
100 , where tg 

cos 9 -E13 [ E2/3  2 + 2H2v2 
1 
2 

  

n. 5211  ( is v 
	

2 
402:1 + 	+ 232 146-  I *....(12) 

and, 2mv2  —fe— sin  g cos A -  4mv sin 9  
E 

We now take the following numerical values as an example: 

d = 25 ems; E = 103  volts/cm, 

and we take v = v 	as giving rise to the maximum disc of confusion in 

any given plane; here v 	is taken as the velocity corresponding to 

an energy of 1.3 eV 46. It can immediately be seen that the approxima- 

tions of equations(2) and (6) are justified, since  Hy cos 9 	
7/200g, 

Then, (13) and (12) can be written thus: 

= 26. sin 29z  - 7211, sin Oz  ( P/Tr  ) microns 	(120 

cos ez  - 34-.7 ( /IT  ) + 1  L1 + 601 ( 1 / 	_) 
	 (15) 

Thus, the diameter of the disc of confusion, before the 

plane of least confusion is given by the value of S 1(z) obtained by 

simultaneously solving (14) and (15). The diameter of the diso of 

confusion past the plane of least confusion will be set by photo-

electrons with vz  = 00.vy. = vmax, since it is these electrons which 

give rise to the maximally divergent rays for the minimum value of 

(13) 



g 4mvmair 
2  —He ' 

S2 = 7211 ( igkrr ) microns Therefore, .40.0(16) 

1r 
since 	/loo 

71- 
z 	z = d). Hence, the diameter of the disc of confusion duo to 

these eleul,i ons g 2, obtained from (3), will be 

S 43nymax 
‘2  = He 

0.1010 

• snx, . I H 
E 	m 

spEez 

sin Cg. - 77 ) 	(15) He 

using the notation previously adopted. 

Then, to a first order, we may write 

The results of computing (V+) and (16) are shown in Table 

1, together with the resultant disc of confusion g (z), given by 

a1, 	1 	S2 

S2, 	82 	1S.1 

The diameter of the minimum disc of confusion can be found 

by equating S"/  and g 2  and solving for Z 	However, this 

is cumbersome, and a more convenient procedure is to find the value 

of Az for gi  = 	2. This is conveniently done using 

Lagrangets interpolation formula for unequal steps, since the third 

differences of 	1 - b 2 are found to be constant in the vicinity 

of g -ri;= 2. 	Performing the inverse interpolation, we find 

that 	min  occurs at 	z = 0.108 ems, when g  min = 15.64.1. 

g (z) 
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Table 1 	 S1 ii'-'g2 
4z (cms) 	cos Az 	S 1 	S S 2 	= -I, i ' 2, 52  > 1 
0.00 0.707107 26.00 0.00 26,00 
0.01 0.714058 24.99 1.44 24.99 
0.02 0.721043 23.98 2.88 23.98 
0.03 0.728062 22.99 4.33 22.99 
0.04 0.735115 22.00 5.77 22.00 
0.05 0.742202 21.03 7.21 21.03 
0.06 0.749323 20.07 8.65 20.07 
0.07 0.756478 19.12 10.10 19.12 
0.08 0.763667 18.19 11.54 18.19 
0.09 0.770890 17.27 12.98 17.27 
0.10 0,778147 16.36 14.42 16.36 
0,11 0.785438 15.46 15.86 15.86 
0,12 0.792763 14.58 17.31 17.31 
0.13 0.800122 13.71 18.75 18.75 
0.14 0.807515 12.86 20.19 20.19 
0.15 0.814942 12.02 21.63 21.63 
0.16 0.822403 11.20 23.08 23.08 
0.17 0.829898 10.40 24.52 24.52 
0.18 0.837427 9.61 25.96 25.96 
0.19 0.844990 8.84. 27040 27.40 
0.20 0.852587 8.10 28.84 28.84. 
0.21 0,860217 7.37 30.29 30.29 
0.22 0.867882 6.66 31.73 31.73 
0.23 0.875581 5.97 33.17 33.17 
0.24 0.883314. 5.31 34.61 34.61 
0.25 0.891081 4.67 36.05 36.05 
0.26 0.898882 4.05 37.50 37.50 
0.27 0.906717 3.46 38.94 38.94 
0.28 0.914586 2.90 40.38 40.38 
0.29 0.922489 2.37 41.82 41.82 
0.30 0.930426 1.87 43.27 43.27 
0.31 0.938397 1.41 44.71 44.71 
0.32 0.946402 0.99 46.15 46.15 
0.33 0.9511441  0.61 47.59 47.59 

0.962514 0.34 0.28 49.P3 49.03 
0.35 0.970621 -0.00 50.48 50.48 

If we assume that the same Gaussian intensity distribution 

occurs for all values of the defocussing LN z in the range 

0.0 14; 	z 	0.2 ems, we con sisrply find the varia.Uon in 
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4.m-resolution over the field of the end window. Since, as we have 

seen in section (5.3.1), the maximum deflection of a 15 v. thick window 

of 2.5 ems, diameter is approximately 0.05 ems, we can now find immediately 

from Table 1 what variation in disc of confusion to expect for such an 

end-window. 

Thus, if we take 19 as the maximum allowed diameter of the 

disc of confusion, we see from section 5.3.1 that the minimum disc of 

confusion would occur at a radius in the end-window of about 0.65 of the 

maximum radius, where the end-vindow if of the above dimensions. This 

is an important factor in adjusting the tube for optimum image resolu- 

tion. Magnetically focussed image tubes of the type considered here 

are usually adjusted visually with an image of high resolution at the 

centre of the image field. If the phosphor screen is capable of 

resolving the electron image, then this procedure would clearly not 

result in optimum resolution over the entire image field; indeed, the 

maximum disc of confusion diameter would rise then from less than 19 u 

to over 23 pi. 

For phosphor screens of high resolution, where the image on 

the screen is adjusted visually, the best procedure is to adjust the 

value of the magnetic field so that the best resolution is obtained 

at 0.65 of the maximum radius of the thin end window. Unt1er these 

conditions, for visual observation (where the Rayleigh criterion might 

reasonably hold), 150 line pairs/mm would be the best possible resolu- 

tion attainable, falling to about 120 line pairs/Mm at the centre and 

edges of the field. 
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It must be emrhas3sea that  such high fizurec for the resolution 

aro only possible for the conditions used in their derivation, namely: 

1) perfectly parallel and homogeneous magnetic and electric 

fields; 

2) 25 kV between photocathode and phosphor, with an electric 

field of 1 kV/cm; 

3) a phosphor screen capable of completely resolving the 

electronic image, which is assumed to have a Gaussian 

intensity distribution for each image element. 

It must ba further pointed out that the above resolution 

figures are the best possible ones attainable for any input image at 

the phosphor screen, and will correspond to the resolution obtained at 

the phosphor due to a set of infinitely thin image lines separated by 

finite distances. If now one imposes the condition that the input 

image must be an optical standard of parallel black and white lines of 

equal width and spacing, then the best resolution obtainable at the 

phosphor screen corresponding to a Rayleigh criterion will be about 77 

line pairs/mm, falling to about 64. line/pa-IT-Wm at the centre and 

edges of the field. 

These resolution figures are obtained from fig. (9). 

Fig. (9) shows the situationl  corresponding to the Rayleigh 

criterion, of two thin line profiles being resolved. If the intensity 

distribution across any element of each line is Gaussian then its 



6 •bIJ 
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equation is i 7.4%7100-4x  20 when© I0  is the maximum intensity and 

2a is the diameter of the disc of confusion. Thus 04 is easily fount' 

from e- a2/a2 = 0,4.. From this, the attainable resolution for an 

initial oplical standard of parallel black and white lines can be 

shown to be approximately 103/20( line pairs/mm, where o< is in 

microns. 

We may summarise by saying that, provided the phosphor screen 

is capable of very high resolution, an image of about 60 line pairs/mm 

might be visually resolved simultaneously over the entire field of an 

end-window of 2.5 ems, diameter and 15 micron thickness, with the tube 

operating under the conditions specified. In practical settled phosphor 

screens it is indeed possible to obtain resolution figures of the above 

order, provided that the maximum particle size ie less than about 2 

microns, 

In conclusion it must be pointed out that the assumption, 

of an invariant Gaussian distribution for the intensity in the various 

aiscs of confusion at different planes of defocussing, is not strivtly 

true. In practice, the intensity distribution in any given plane of 

defocussing will differ from Gaussian, and the exact form mill depend 

both upon the angular and energy distributions of the emitted photo-

electrons. The precise form of the intensity distribution can be 

found, knowing the photoelectron energy and angular distributions, 

and this calculation is outlined in an appendix (Appendix 3). 

5.3.3. The loss of resolution for contact photography 

In order to determine the qu?.:14.:5 of the final image on 
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the photographic plate, for a given incident optical image on the photo-

cathode, it is necessary to consider the degradation of image vAlity 

that occurs as a result of the contact photography. For simplicity, 

we shall calculate the intensity distribution in the photographic image, 

(it is assumed that the photographic grain size is everywhere sma31), 

resulting from contact photography of a small spot of light on the 

phosphor screen, where the intensity distribution in the phosphor 

image is assumed to be Gaussian. 

The situation that obtains can be seen with reference to 

figure 10, where the phosphor image occurs in plane is and is defined 

by the polar coordinates (r, 

? 1 	e 

Figure 10 
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The photographic emulsion is in plane Do  and the final image 

is characterised by the °artesian coordinates (x', yl). The planes 

A and B are separated by an effective distance t which, in general, 

will be slightly greater than '..;he thickness of the thin end window. 

If I(r) is the radial intensity distribution of light in the 

phosphor image, then the total light emitted from an image element at 

(rjp,6) is 

I(r).r gr. Eli 

If this light is emitted with some polar emission distribik- 

tion F(0), then the fraction of the total light flux entering an 

image element on the x'-axis is clearly 

r. 	Sw (x0 

where 'e)(,)(xl) is the solid angle subtended by the element P(r06) 

at the point Q(x1,0). Thus, 

Yl. cos 34; 

t
2 

Therefore, the intensity at (x,0) due to the image in the 

plane A is given by 

00 2r c 
I(x') =

' 	
! .I(r).F(9). 

r=0r10 
aos39 •d,ti.dr • ,...(i)  t2  

where cos A is a function of the variables and is found from 

t   cos A = 	 ff ....;(2) 
I. t2  4. r2  + 3E2  -. 2r.xt.COS 	) 

In order to calculate I(J0) it Is necessary to know the farm 
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of the distributions 1(r) and. F(0), The following assumptions will be 

made 

a) the phosphor image is a spot of radius a = 15 microns; 

b) the intensity distribution I(r) is approximately Gaussian with 

I(r) = Ioe-413/42  (where a = 15); 

c) the polar emission distribution is Lambertian - i.e. F(9) = cos Q. 

Although an analytinal solution of equation (1) can be found, 

the result is so complicated that it is more convenient to compute the 

double integral numerically for any specific case. Thus, the results 

of a numerical computation for the case t = 15 microns, areEhown in 

figure 11, where the loss in resolution can clearly be seen. 

If, as a measure, we adopt the Rayleigh criterion, it can be 

seen that the resultant resolution for contact photography is approximate- 

ly halved in this specific example. 

5.4.. Uonclusions  

From the foregoing theoretical discussion, it is seen that 

if a thin window image intensifier can be made to satisfy the conditions 

used in the theory, a very worthwhile performance should be attained. 

Thus, providing the following conditions can be satisfied: 

a) an operating voltage of 25 kV, 

b) an end-Pwinlmv of thickness 15 vt or less, 

c) reasonably uniform electric and magnetic fields, 



Intensity Distribution 

r 
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it should be possible to obtain a blue light flux gain of about 12 for 

every 10 	lumen of the photocathode, and a visual resolution of 

about 60 line pairs/mm„ with about half this resolution attainable far 

contact photography. 

It is felt that an intensifier with this performance would 

probably be of considerable value for many applications, particularly 

in astronomy. It is the purpose of the next section to describe the 

efforts made by the author to make a thin end.uwinday intensifier having 

the characteristics already outlined. 



Chapter 6. 6.  LTomLontal Techniques 

Although the detailed form of the various intensifier tubes 

made by the autnos: nos differed, many of .,do ..tubes have had common 

features such as reversible pl-rtocathodes phosphor screens and thin 

end-windows. It is coavenient, therefore, to consider first some of 

the techniques and procedures that are common to some of these tubes. 

6.1. The pumping system 

The pumping system was mainly conventional, consisting ess- 

entially of a two-stage mercury diffusion pump together with a rotary 

of 	Al mercury diffusion pump was used rather than an 

oil pump because of the risk of photocathode contamination with the 

la±ter. All the tubulation and connections were of pyrex, and the 

system included a mercury cut-off, a cold finger-trap and an ionisa-

tion gauge. The mercury cut-off was immediately after the diffusion 

pump and was magnetically operated by two solenoids„ The cut-off 

served to isolate the pumping system from the cold-trap, the experi-

mental tube and the ionisation gauge. The finger-trap could be 

cooled by immersion in a Dewar flask containing liquid nitrogen, and 

was necessary to prevent mercury vapour from reaching the ionisation 

gauge and aTperimental tube. 

The whole system except for the experimental tube was 

situated below a thermally insulating horizontal platformsand the 

pumping stem rose up through a central hole in this platform. The 

experimental tube was sealed onto the. -,,T6..!-Ae stem above the platform 
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and a counterbalanced oven could be raised or lowered at will over the 

tube. The oven temperature could be electrically controlled over a 

wide range, and was monitored by means of a thermocouple inside the oven. 

The ionisation gauge was a conventional triode type using an 

incandescent tungsten electron source and molybdenum plate electrodes. 

The sensitivity of the gauge and associated electronic equipment was 

such that an ion current of 1 uk was obtained for an electron emission 

current of 10 mil. and a pressure of 10'7 mm Hg.; with this system pres-

sures of dawn to 5 x 10-8  mm Hg could be observed. With the pumping stem 

sealed off and a very clean pumping system, a pressure rise of less than 

10-6  mm Hg would be obtained after 15 minutes with the pumping system 

isolated by means of the mercury cut-off and the ionisation gauge running; 

with the ionisation gauge off, the pressure rise overnight would not 

exceed 2 x 10'6  mm. Hg. 

The criterion that an experimental tube had been satisfactorgy 

baked, and was free from leaks, was that its performance with the pumping 

rystem cut-off should not differ greatly from the figures given above. 

If, after prolonged baking, worse pressure characteristics wore obtain-

ed with a tube, a leak was suspected and such a leak could sometimes 

be detected by using local organic vapour testing at places of likely 

leakage. Such a leak, if detected, could then be repai.ed using 

techniques appropriate to the nature of the leak (e.g. AgOl, in the 

case of very small pinholes in glass). 

6.2. The preparation of phosphor screens  

The methods adopted for the depositf,on of highly efficient 



-83- 

phosphor scroons 7,°11 dapond upon the type of phosphor used, the nature 

of the excitation and the environment and substrate for the deposition 

process. Although many different methodn exist for phosphor screen 

preparation, it was found from the author7 s experience that two dis-

tinct methods appeared suitable for the settling of phosphor screens 

by sedimentation from a liquid suspension of the phosphor gtains. 

Which one of the two methods were used depended upon the type of 

phosphor and the settling environment; in all cases, silver-activated 

ZnS was used. 

6.2.1. Settling  method A 

The phosphor is obtained initially as a powder which is al-

ready activated with silver. Although this powder is obtained as a 

collection of crystals of some nominal diameter range, these crystals 

have aggregated to an extent depending upon the age and history of the 

particular sample. It is necessary, therefore, to disrupt these 

aggregates before a suitable suspension can be obtained for settling. 

The precise form of the aggregate dispersal will depend on the method 

of settling. 

The first method was found to be most suitable for fine 

phosphor screens, where the average particle size did. not exceed 2 

microns, for deposition on glass or mica substrates. In anirlition„ 

this method. was found to be most suitable for settling in metal 

environments (e.g. nickel, iron, chromium), since the chemical 

activity with these metals appeLr,Jd to be far less than fot the 
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second method. r.obE, descri-bA, This is a vats 1 Ractor uhero phosphor 

screens of the highest efficiency are required, since only one part 

in 105  of some metals is required to 'poison' a ZnS screen and to 

reduce its efficizey by as much as 80 pr,reent. 

Ai suspension of i;he phosphor was first prepared by ball-

milling the phosphor powder with a fewml of N/200 MgS0 1. solution. 

This was done as gently as possible in order to minimize the reduction 

in luminescence efficiency that occurs when strains or distortions are 

introduced into the phosphor crystals by mechanical action. In this 

case, ball-milling was performed in a 500 ml conical flask, using 

about 50 pyrex balls of 0.5 cm diameter that were slightly prolate; the 

suspension used. was 1 gm of ZnS:Ag phosphor of average particle size 

2 ).2 with about 5 ml of N/200 MgS02  solution. The conical flask was 

held with its axis horizontal and rotated at about one revolution per 

second. After about five minutes, 20 ml of triple-distilled water 

was added to the flask and the milling continued for an additional 

Ave minutes. This was found to be sufficient to disperse most of 

the crystal aggregates from tests on the sedimentation rate of a 

suspension of the phosphor in distilled water. 

After the ball-milling a suspension was made up of the 

phosphor with 5 mgms/ml of phosphor in a solution of 11/500 11004. 

It was found that such a suspension could be kept for several months 

without any significant reaggregation occurring, although it is 

necessary to keep the suspension cool and to store it in dark 

surroundings. 



In order to settle the screen it was first necessary to 

determine the required surface density for the screen. This is 

obtained from curves given by Leverenz 43 and others, and is about 

1.7 mgms/cm2  for 7nSlAg screm of 2 m3cron nrystals excited by 

25 kV electrons. When tly coating density has been ascertained, the 

total amount of phosphor is known for any given area of screen and 

hence the quantity of suspension to be taken can be simply calculated. 

This amount of the stock suspension is then diluted with triple-

distilled water until an W2000 solution of MgSO4. is obtained. The 

screen is then settled from this solution, great care being taken to 

ensure that the substrate is kept scrupulously clean. 

After the phosphor crystals have settled out from the sus-

pension, the substrate is very gently tilted through about 100  and the 

liquid remaining is very slowly siphoned out from one edge. The 

phosphor is then dried at a uniform rate by radiation from an infrared 

lamp. After drying, the screen is baked in air to 5000C and maintained 

at that temperature for half an hour. The screen is now ready for 

aluminizing. 

6.2.2, Settling method B  

In certain circumstances it is not always practicable to 

use method. A for settling phosphor screens. In such cases, screens 

prepared by this method have a tendency to lift from the substrate 

when any liquid is reintroduced (for example, prior to application 

of organic films). Thus, if screens of high efficiency and relatively 

low resolution are required, it is possible to use a suspension of 
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comparatively large phosptcr crystals, In these nircumstances it 

becomes necessary to settle the screen in such a way that the adhesion 

of individual pho4,.hor grains is greatly :..nereased, both to the sub-

strate and to other: phosphor crystals. Nettled B will now be described. 

As before, it is necessary to gently ball-mill the phosphor 

powder initisijy in order to break down the phosphor crystal aggregates. 

However, unlike method A, this  	is performed using triple-

distilled water only; the use of only chemicals of the highest purity 

is stressed here, because of the enormous risks of contamination. 

After milling as before for about five minutes in a horizontally rotat-

ing conical flask, 20 ml of triple-distilled water are added and milling 

continued for an additional five minutes, A suspension of phosphor 

in triple-distilled water is now made up with a concentration of 

5 mgnVmi. 

The phosphor screen is settled using potassium silicate as 

a binder, with barium nitrate as electrolyte. If the appropriate 

concentrations of these two reagents are mixed by themselves, a 

chemical reaction takes place resulting in the formation of a 

gelatinous substance which may oppose the formation of a very even 

phosphor screen. However, in practical screen settling it is possible 

to add the potassium silicate when the screen has almost settled in 

the barium nitrate solution. 

In the procedure that the author has found best and most 

consistent, a slight variation in technique is used. When the total 

amount of phosphor has been decided upon from the surface area of the 
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substrates  an appropriate amount of phosphor suspension is 

taken from the stock solution and this is then mixed with the potassium 

silicate. Bar:= nitrate solltion of t11,-  raquired concentration is 

now poured into,  11-r; le:,t15.nz rontainer f.J.:s1 of all, and the phosphor 

suspension, together with the potassium silicate, is added afterwards. 

The phosphor is then alloyed to settle, great care being taken not to 

disturb the process in any way by vibration or air currents. 

The settling process, which is most suitable for phosphor 

particles of 5 microns or more, takes about 25 minutes to complete. 

After this period the remaining liquid is removed by slow siphoning, 

and the screen is then dried at a uniform rate by heating with an 

infra-red lamp. Unlike method a, no subsequent baking is required 

after the screen has been thoroughly dried, the screen is now ready 

for aluminising. 

6.2.3, Aluminising the phosphor screen 

As was pointed out earlier, it is necessary to provide the 

phosphor screen with a coherent conducting backing which is opaque to, 

and a good reflector of the 7tht radiated from the phosphor. This is 

achieved by means of an aluminium coating applied to the bombarded side 

of the screen. 

Unfortunately, it is not possible to evaporate such a coating 

directly on to conventionally settled phosphor screens because of 

the highly granular nature of their surfaces, since such an evaporation 

would result in a discontinuous layer unless it were made very thick, 
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and this is undesiral-.10 ainco tho fraction of incident primary energy 

absorbed would then be excessive. To overcome this difficulty, the 

aluminizing is achieved by the production of a temporary organic barrier 

layer or film upon which the reflecting aluminium coating may be 

deposited by vacuum evaporation. 

There are, in general, two techniques which may be used for 

the formation of an organic layer for aluminizing. The first, flow 

filming, consists in spresaing a dilute solution of a film forming 

resin over the surface of a water-moistened screen (where the capillaries 

bei,wesen the phosphor grains are just filled with water). The excess 

lacquer is then drained off and the remaining liquid film then solid-,  

ifies by evaporation to forma layer onto which the aluminium can be 

evaporated. This technique, although very satisfactory, requires 

very careful control if 'lacing' and other defects of the film (usually 

obtained from a solution of butyl methacrylate in toluene) are to be 

avoided. 

A second, more reliable, method was adopted by the author 

in the preparation of all the image intensifier screens considered in 

the present thesis. In this, the phosphor screeniwhich had been 

settled by either of the two methods described in 6.2.1 and 6.2.2, 

was first wetted with triple distilled water by first steaming the 

screen and then carefully introducing more water until the screen 

was completely covered to a depth of about 0.5 cms. A drop of filming 

agent (nitrocellulose in a solution of amyl acetate, butyl acetate 

and iso-propyl alcohol), the precise quantity of which was determined 



by experiment, was placed onto the surface of the vruter and it then 

spread. very rapidly to form a uniformly thin solid organic film. The 

water was then very carefully removed by slightly tilting the screen 

and siphoning, resulting in the film settling down into intimate con-

tact with the phosphor. Finally the screen was thoroughly dried by 

gentle heating with an infra-red lamp. 

The aluminium film was now evaporated onto the filmed screen 

in a demountable vacuum chamber; the aluminium had previously been 

melted onto a clean tungsten filament and some had been evaporated in 

order to subsequently evaporate only the pure metal. The thickness 

of the aluminium film was monitored by the transmission of a fine beam 

of light through the screen. The final transmission of the aluminium 

backing was taken to be less than 0.2 percent and the evaporation was 

performed as quickly as possible consistent with there being a pressure 

of 10-5 mm Hg or less in the demountable system. 

After the aluminium backing had. been evaporated the organic 

film was removed by slowly- baking the aluminized screen in air to 35000 

and holding it at that temperature for at least half an hour. The 

presence of air was essential in this process to ensure the removal of 

all the organic material as oxidation products (i.e. 13200  CO, CO2 etc.). 

The aluminized screen was now complete. 

6.3. The processing of reversible Sb-Cs photocathodes  

For many reasons, notably the high degree of thermal isolation 

of the photocathode substrate in reversible photocathodes, it was 



found impossible to process high sensitivity semitransparent photo-

cathodes of Sb-Os in the way normally used in activating photocells 

(Where the photocathode substrate is a wall of the vacuum envelope). 

A reversible photocathode is one which is prepared in a tube withtwo 

compartments, a processing and an operating compartment. These two 

compartments are separated by a shelf, on which the glass plate(onto 
is fitted 

which the photocathode is to be depositedand the -whole assembly is 

made to be impermeable to caesium vapour; during processing the photo-

cathode plate faces the processing compartment while, for operating, 

it can be reversed to face the operating space of the tube. In one 

form or another, all the thin window tubes made by the author were 

provided. with reversible photocathodes and, although the precise form 

of the turn over mechanism has varied for different tubes, the method 

of photocathode processing to be described is applicable to 

Antimony is first evaporated onto the photocathode plate 

from a suitable evaporating filament and shield assembly. The thick» 

ness of antimony evaporated will depend upon the nature of the intended 

application for the photocathode. Thus, if the photocathode is 

required for high quantum sensitivity in the blue, the antimony layer 

should. be  thinner than for a photocathode intended to have the highest 

integral sensitivity as measured by a standard tungsten filament lamp. 

In general, for experimental tubes, the thickness of the antimony 

layer was taken to give a light transmission of 70 percent, where a 

tungsten light source and photovoltaic cell were used to assess the 

optical absorption. 



It must be nJted that the evaporation of the antimony layer 

prior to activation of the photocathode is performed only after the 

experimental tube has undergone a thorough vacuum bake and a satisfactory 

pressure has been obtained. In addition, the processing compartment 

is provided with a side-arm consisting initially of two sections; one 

section is simply a length of tubing with two constrictions while the 

other, leading to the first through one of the constrictions, contains 

a nickel capsule enclosing a mixture of caesium chromate, aluminium 

powder and tungsten powder. In the course of the vacuum bale of the 

experimental tube the nickel capsule and its contents are thoroughly 

degassed by induction heating with an eddy-current heater. Just prior 

to the antimony evaporation, after completion of the vacuum baling, the 

nickel capsule is given a short high temperature eddy-current heating 

to initiate a reaction between the aluminium and the caesium chromate; 

the tungsten powder acts as a moderator to prevent the reaction from 

proceeding too violently. Caesium metal is now distilled off and is 

moved into the side-arm section nearest the processing compartment, by 

flaming with a cool gas flame. When all the caesium has entered this 

section, the other section containing the nickel capsule is sealed off. 

In the normal processing of a photocathode an excess of caesium 

is added to the antimony layer, with the whole photocell at a high 

temperature ( 	140°C). This excess caesium is then baked off until 

a maximum sensitivity is obtained, when the photocell surface can be 

rapidly cooled. In reversible photocathodes, however, there is no 

simple way of rapidly cooling the internal surface on which the photo- 



cathode is dopositeCi, so th'.t caesium would still leave the photocathode 

after a maximum sef,Itivity is obtained, if the outer walls of the 

processing compartment are then cooled. This would naturally result 

in finished photocathodes of greatly reduced sensitivity. Two 

different procedures have been adopted by the author to overcome this 

difficulty. 

In the first of these the activation procedure was as follows. 

The tube is first baked to about 145°0, when a small photosensitivity 

should be observed. The tube was maintained at this temperature and 

caesium distilled into the processing compartment by means of an 

electrically controlled side-arm heater until the photocurrent had 

risen to a maximum and then fallen by about 40 percent; in this, oare 

was taken to measure the true photocurrent by also monitoring the 

leakage current. The tube was now al7owed to cool slowly with caesium 

still being admitted so that the photocurrent was maintained at a 

constant level. When the oven temperature had fallen to about 9CPC„ 

the admission of caesium stopped, the oven was lifted and the tube 

allowed to cool. During this cooling, the sensitivity rises to a 

value at least twice that of the previous maximum. When the tube 

is cools  the caesium side-arm is sealed off. 

Although excellent results were obtained ty this techniques  

it has necessitated the use of a large quantity of caesium in the 

activation. This was considered undesirable from the point of view 

of excluding caesium from other sections of the experimental tube, 

and a different activation techniqbe was adopted. In this procedure, 
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as before, means arcs provided for monitoring the dnrk current and the 

photocurrent for a standardised illumination. ' Tho tube is first baked 

up to about 130°  when caesium is first admitted slowly to the process—

ing compartment. As the tube continues to be baked., more caesium is 

admitted until the sensitivity rises to a maximum; it is important, 

at this stage, to continue admitting caesium to ensure that a real 

maximum has been reached. When the maximum is reached, the oven is 

switched off and raised, allowing the outer walls of the tube to cool 

rapidly; however, during this period, caesium is still admitted to the 

processing chamber until the photocurrent has fallen by about 10 percent. 

It is found that, after admission of caesium had ceased, the sensitivity 

then gradually increases until the whole tube is at room temperature. It 

was found from experience, with the oven configuration used by the author, 

that consistently good results could be obtained by this method provided 

that the activation temperature was kept as low as possible. It 

should be noted that considerable control can be exercised by the 

operator on the final stages of activation by varying the rate of cool—

ing of the outer walls of the processing compartment; this is done 

simply by raising or lowering the oven. The great advantage of suoh 

a technique is that a minimum quantity of caesium is used during the 

activation. When cool, the caesium side—arm is sealed off; if the 

side—arm heater had been properly positioned, no caesium could collect 

in the constriction of the processing compartment and no difference in 

photosensitivity should occur after the sealing off. 

The sensitivity of phot.  :-i-hodes prepared by either of the 



two methods methods descri:,ed could bk.. increased by sensitisation with olygen.. 

In this, oxygen is liberated in the vacuum system by heating a small  

bulb containing pOlitas.aum chlorates  The oxygenation is continued 

until a, new sensitivity maximum is obtained. Reversible photocathodes 

sensitised in this way with oxygen have been prepared by the author 

With sensitivities of 140 WL, although some have had sensitivities 

up to 65 
	However, it is important to note that the spectral 

Characteristic of the Sb-Cs photocathode changes upon sensitisation 

with oxygen, and the peak quantum sensitivity is shifted from the 

blue towards the green. Moreover, the red. sensitivity is greatly 

extended and the dark current may increase by several orders of 

magnitudes 
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Chapter 7, The practical construction of thin window tubes  

A considerable number of tubes have been made by the author, 

many of them differing in various respects from each other. However, 

for brevity, only representative tubes of two main classes will be 

described, since there is an essential difference between tubes of 

these classes. 

7.1. The metal-ended tube  

This type of tube is so-called because of the metal components 

used in mounting the mica end-window. Altogether about fifty tubes 

of this type have been made by the author and the following descrip.. 

tion is that of one of the more recent examples. 

The diagrammatic form of the tube is damn in figure 12, 

where the processing compartment 1 and the operating section 2 can 

plainly be seen. These two sections are separated by a shelf on 

which is mounted the reversible photocathode plate 6. The main body 

of the tube is of pyrex tubing which is first selected for uniform 

wall thickness, reasonable circularity and freedom from gross draw-

ing marks. A ground and polished flat pyrex plate is drop-sealed to 

one end of this tubing to form the input end-window. 

The tube is prepared as an assembly of a photocathode 

xection, to the left of seal 7, and a thin end-vindow section, to the 

right of seal 7. The first section is of pyrex and is provided with 

three side-arms. Two of the side-arms at 24. and 14, are for pumping, 

while a third side-arm (not shown) is sealed to the processing 
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compartment 1 to provide the caesium during processing. It set of 

conducting seals are included for connections to the internal ring 

electrodes 3, and also to act as an anode in the photocathode activa—

tion, at 16. The conducting seals are in the form of thin (8 micron) 

platinum tapes sealed through the wall  of the glass tubing 47; the 

tapes are typically 1 an long and 0.15 ems wide. The ring electrodes, 

consisting of a set of 8 equispaced conducting rings of width about 

1 cm, were formed by painting a set of rings on the internal tubing 

wall  with a suspension of platinum in a heavy volatile oil (Johnson 

and Matthey-iliquid bright platinum); the Wee is then oven fired Et 

550°C for a short period in air when the oil is decomposed and re—

moved by oxidation leaving a set of firmly bonded electrodes on the 

glass. Connections to the electrodes are made by soldering to 

patches of silver which had. previously been fired into the glass. 

The silver patches, which are in contact with the external portion 

of the platinum tape seals, were formed by oven firing two success—

ive layers of silver paint (Johnson and MattheyL351 and X.353). 

In order to prevent migration of caesium, during processing, 

from the compartment 1 to 2, they are separated by a shelf and skirt 

assembly onto which the photocathode plate 6 is mounted. The skirt 

is of thin stainless steel sheet bent in the farm of a cylinder 

about 1 cm in length. Due to the ovality of pyrex tube normally 

available in the nominal diameter used ( ^s 58 rams), the fit 

between the stainless steel skirt and the tubing was not considered 

adequate to prevent the -pesium migration during activation. For 
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Fig.13 	Photocathode plate and shelf 



-99- 
this reason, a short region of anourately oliroular tubing 5, was pro-

vided by shrinking down the glass tubing onto a metal mandrel of 

suitable diameter. The photocathode shelf and plate were held  in this 

precision bore region of the bube by clips onto three blind tungsten 

'pins 13, set into the glass walls of the tubing. The complete photo-

cathode shelf and mechanism is shown in figure 13, where the clips and 

spring holding the photocathode plate can be seen. The photocathode 

plate, which is of pyrex with a conducting edge of platinum paste, 

can be released from the shelf by a slight controlled impact of the 

plate against the spring; the plate can then be reversed and remounted 

by a similar process using the inertia of the plate to move back the 

spring. 

The photocathode section of the tube is joined to the end:-

window assembly by means of a silver-chloride seal at 7. Far this 

purpose the photocathode section is terminated at 7 by a ground and 

polished surface which is platinised both on the inner and outer 

surface of the glass tubing as well as on the polished surface; this 

ground and polished surface is made to butt onto a corresponding 

polished surface of the end-window assembly. It is possible to crack 

the glass tubing around to form the surfaces to be finally mated to-

gether with a silver-chloride seal. However, it was considered 

advantageous to use ground and polished surfaces because inter-

changeability of various component sections of the tubes was 

required, 

Before assembly of the photocatoorle section the metal parts 
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wore first vacuum staved at about 9000C until a satisfpotery pressure 

was Obtained. The outer surface of the stainless steel skirt was 

then coated with aquadag (Acheson Colloids) to act as a caesium 

absorbing material. All the 82F1ss sections of the tube were then 

thoroughly cleaned using the following schedum: 

1) a preliminary wash in detergent, followed by a thorough rinse 

in distilled water; 

2) pickling in hot chrome-sulphuric acid for 30 minutes; 

3) brief ikunersion in a 3 percent solution of hydrofluoric 

acid; 

4) prolonged rinse in triple-distilled water; 

5) rinse in redistilled acetone or iso-propyl alcohol. 

The platinum electrodes were now painted, care being taken 

to 1130 nnly the most scrupulously cleaned equipment (e,g. brushes). 

The tube was then baked in air at 500 - 550 C for one hour, after 

which it was finally rinsed and dried using triple-distilled water 

and redistilled acetone, The photocathode shelf and plate assembly 

was then carefully inserted into the glass tube and the whole 

assembly stored in a polythene bag with a drying agent (silica gel). 

The thin end windows, of mica, was sealed between the chrome-

iron annuli 11, using a soft glass solder (C93; lead-borate). In 

order to seal the mounted end window to pyrex it was necessary to 

use a graded seal. In this eak,If.,  tnis was done by using a nilo-K 



alloy cylinder one end of which was brazed onto the inner chrome-iron 

annulus while the other end was sealed to a graded glass seal 8. The 

graded seal extended from a pyrex glass cylinder with a ground and 

polished end 7, through 09 and CU glass sections to the Kodial which 

was sealed to the nilo-K cylinder. 

Early examples of the end-window assembly involved brazing 

the nilo-K cylinder to one of the chrome-iron plates using 'Brazotectic' 

(a brazing alloy by B.O.C. Ltd. containing On, Zn, Fe, Sn and Mn) 

and a borax flux. This braze was made in air at about 90090. How-

ever, due to the large proportion of vacuum failures at this join on 

reheating, it was decided to use an alternative method. k typical, 

more recent, end-window assembly was prepared in the following way: 

1) The inner chrome-iron annulus, with a concentric groove into 

which the nilo-K cylinder could fit, was thoroughly cleaned 

and then nickel plated, 

2) The nilo-K cylinder was cleaned thoroughly and then also 

nickel plated. 

3) The nilo-K cylinder was now vacuum brazed to the chrome-

iron ring, using a copper-gold eutectic alloy. 

4) The whole assembly was then stoved first at fL, 900QC 

in an atmosphere of vet hydrogen and then vacuum stoved 

at a high temperature; a kodial glass seal could now be 

made at the opposite end of the nila-E cylinder to the braze. 

5) L. graded pyrex to kodiel glass seal was now joined onto the 
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metal assembly' and the pyrex end surface ground and polished 

6) The ground and polished end was now painted with bright 

platinum paint and fired to give a platinum coating on both 

inner and outer surfaces: A small silver paste contact 

was also made around the kodial glass to metal seal on the 

inner surface. 

7) The end surface of the chrome-iron annulus was now glazed 

with 093 using an air flame; the corresponding surface of 

the other chrome-iron annulus was also glazed at the same 

time. Care was taken to use only the correct quantity of 

093 glass, as found from experience. 

8) A mica sheet of appropriate size and thickness is now 

sealed between the chrome-iron rings by oven baking for a 

short period at 615°C. The mica (muscovite mica) was 

obtained already cleaved to have a thickness in a certain 

range; a suitable piece was then selected and cut to size. 

9) A glass cylinder was sealed into the inside of the chrome- 
to 

iron ring using ftifelvice paste/form a water-tight joint. 

The inside diameter of the glass cylinder was just greater 

than the diameter of the mica window, and the cylinder 

served as a container for the settling liquid in the 

phosphor screen preparation. 

10) A ZnS:1Ag screen was settled in the internal glass cylinder 

and then filmed. with a suitable organic layer, the glass 

cylinder was then removed together with the "Welvic" paste 

gasket. 
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11) The whole internal surface of the end-window assembly was 

then coated with a thin layer of vacuum deposited aluminium. 

This aluminium coating served as a conducting layer and 

also as an opaque backing to the phosphor screen. 

12) The organic film was baked off at 350°C in air for half an 

hour and the whole assembly was now ready for attachment to 

the photocathode assembly. 

Earlier specimens of the metal parts of end-window assemblies 

were stoved at high temperature ( (1,950°C) in wet forming gas (90 percent 

N2 and lo percent H2) prior to making the kodial glass-metal seal. 

This procedure was abandoned when it was found that tubes made up with 

metal components treated in this way rapidly vent soft. In the . 

author's opinion, the reason for this is the formation of metal nitrides 

(e.g. nickel) which can subsequently decompose in vacuum even after a 

vacuum bake of the tube as a whole. This theory is supported by the 

fact that ammonia, which is a necessary constituent for nitride forma-

tion with metals such as nickel, was detected in the forming gas stove. 

Tests were made for the presence of ammonia in the cold forming gas, 

but these gave negative results. Ammonia was only detected after a 

test sample of nilo-K in forming gas had been heated at one end to 

about 1000°C, while the other end remained at about 400°C; in this 

way regions of nilo-k at all temperatures between 400°  1000°C were 

present. 

No evidence was obtained, in the case of these tubes which 



went soft in about 3 days, that any other spume of gas was present in 

the tube or that there were any external leaks (as tested with helium 

leak testing equipment using ionisation gauges, and also mass spectro-

meter detection). Finally, subsequent tubes which were prepared without 

staving in forming gas have shown no tendency to go soft in this 

relatively short space of time. 

The reason for the glass cylinder in which the phosphor 

screen is settled is to prevent contamination of the phosphor screen 

by metallic impurities. Thus, copper is present in the braze, a 

material which can cause a shift of the spectral distribution of the 

phosphor into the green. Nickel, chromium and iron are also present. 

Nickel is especially harmful, and one part in about 106 of phosphor 

can cause a serious reduction in luminescence efficiency. Such harm-

ful effects were indeed observed in earlier tubes in which the phosphor 

suspension was poured directly into the metal cylinder. Although 

the screens initially fluoresced blue and appeared to be reasonably 

efficient, the nature of the luminescence changed when the screen had 

been subject to a prolonged bake, and the screens then lost much of their 

initial high efficiency. Moreover, the decrease in efficiency and the 

shift in spectral distribution appeared to be directly related to the 

time and temperature of the bake. It was concluded that metallic 

impurities were indeed responsible for these undesirable effects. 

Before the procedure of settling in a glass cylinder was decided upon, 

several different approaches in overcoming the difficulties were made, 

These involved coating the internal metal surfaces with materials 
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which would not adversely effect the phosphor screen. Thus, organic 

filming materials were tried (nitrocellulose and Bedaaryl) and also 

rhodium, silver and gold plating. None of these measures succeeded 

completely, either because the coatings were porous or because they 

were not sufficient to resist the strong heating when the chrome-iron 

ring was being glazed. Although, in the assembly described, there was 

always some metal in contact with the phosphor suspension, very satis-

factory results were obtained using the internal glass cylinder, and 

all the more recent tubes had phosphor screens settled in this way. 

Having prepared both photocathode and phosphor screen sub-

assemblies, it was now possible to join them together ready for pro-

cessing. This was done by a silver-chloride seal. The ground and 

polished surfaces of both sub-assemblies are first butted together and 

then heated by means of radiation from a carbon ring inside the coil 

of an eddy current heater. After the joint has reached a temperature 

of about 500°C, small grains of Aga are held at the joint. These 

grains then melt and flog into the joint by surface tension, leaving 

any sludge or foreign matter behind. L. seal made in this way is very 

reliable and the failure rate due to vacuum leakage was only about one 

percent. Side-arms are now fitted to the tube for pumping, for the 

supply of caesium and to hold the retractable antimony evaporator; 

this evaporator passes through the pumping stem, 4, in the processing 

compartment. The evaporator which is magnetically moved and is 

heated by an external eddy-current heating coil, is sham in figure 

14. The antimony is contained as a small blob on a tungsten spiral; 



Fig.14 Antimony evaporator 
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the spiral is enclosed by a shield to prevent antimony from evaporating 

onto all the walls of the processing compartment, thereby preventing 

an anode to cathode short-circuit. During all these glass blowing 

operations, blowing is performed through a drying tower. The end-

window is also lightly pressed inwards during all blowing operations 

in order to prevent undue flexing of the mica. 

The completed tube is now sealed onto the pumping system and 

evacuated and baked until a satisfactory pressure performance, as out-

lined in section 6.1, is obtained. At some convenient stage, black 

wax is melted onto the external surface of the 401 seal in order to 

prevent the disruption of the seal either by water vapour or the action 

of light. The tube is now processed in accordancevdth the schedule 

described in section 6.3, and then sealed off the pumping system. ti 

photograph of such a finished tube is given in figure 15. 

7.2. The performance of the metal-ended tube  

Many metal-ended tubes have been made by the author. These 

have incluaPd tubes with circular end"windows of one centimetre dia-

meter and a tube with a slotted end-window for possible applications 

to spectroscopy; this latter tube had a rectangular end-window, if  ems 

long and 0.5 =wide and used mica of 8 microns thickness. However, 

for brevity, only the performance of an actual tube (Tube 4/12) with a 

circular end window of 2.5 cm diameter and 15 micron thickness will 

be described, since that performance can then be compared with the 

theoretical estimate already obtained. 
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7.2.1. The blue—light gain  

In order to assess the performance of a completed tube it 

was mounted in a test assembly consisting of a long solenoid and a 

special light source. The current through the solenoid could be 

finely controlled for any accelerating voltage across the tube. The 

light source, which had the same spectral distribution as the phosphor 

screen (it was, in fact, a similar phosphor screen excited by U.V., 

since the spectral emission for photoluminescence and cathodoluminescence 

are similar for ZnS:Ag), was made to illuminate any desired test pattern 

which could then be accurately focussed onto the photocathode, using 

a lens, by means of a micrometer screw. Provision was also made for 

the alignment of the tube in the solenoid and the lateral movement of 

the whole tube and solenoid assembly. 

The tube was first accurately aligned and focussed by 

observing an image of fine detail with the aid of a microscope; here 

the optical and magnetic focussing was successively adjusted to obtain 

optimum resolution at the phosphor screen. The flux gain for blue 

incident light was then measured as the ratio of the light intensities 

at input and output of the tube for different accelerating voltages, 

using a photovoltaic cell and galvanometer. The results were plotted 

on a graph and figure 16 shows the measurements for tube 4/12; the 

photocathode sensitivity at the time of the tests was measured and 

found to be 36 	,/lumen (the cathode had been oxygen sensitised). 

Two curves are given, one showing the measured intensity ratio while 

the other gives the corrected curve when the light losses inherent 
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in the measurement have been taken into account. This correction arises 

from the fact that all the input light can conveniently be collected, 

whereas not all the output light from the phosphor screen is collected 

due to the finite spot size an the phosphor, the finite size of the 

collecting surface and the separation between phosphor screen and photo-

voltaic cell. The correction factor is obtained both by calculation 

(assuming a Lambertian distribution for the emitted light) and by 

extrapolation to zero separation for a series of measurements taken at 

different phosphor-collector separations. For the corrected blue- 

light flux gain a figure of about 11.5 per 10 
	

lumen is obtained 

at 20 kV applied to the tube; this figure is in reasonable agreement 

with the value obtained theoretically in section 5.1, 

The photographic gain Was also measured far the same tube 

with blue input light, by comparing the exposure times at input and 

output for the same density. For this purpose Kodak WSG,045 paper was 

used, and. a series of exposures was taken at input and output of the 

t ibe; the output photography was made by pressing the paper in contact 

with the end window. Here, a mean gain of 4.3 was obtained with 12 kV 

operating voltage, care being taken to ensure that unity magnification 

of the final image was obtained. At 21 kV operating voltage a photo-. 

graphic mean gain of more than 80 was observed, although some spurious 

effects may have been obtained due to a poor connection inside the tube 

which caused some background illumination at the higher operating 

voltages. This spurious background can clearly be seen in the photo-

graphs reproduced in figure 17. Great care was taken to ensure 
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accuracy in the measurements, and all development and processing of the 

photographs was made simultaneously in the same chemical baths. It 

will be noted that the gains measured photographically are much greater 

than the corresponding blue-light flux gains measured photoelectrically 

at the same operating voltages. This phenomenon, of differing photo-

graphic and photoelectric gain measurements 'vas observed with many 

tubes. Although some tubes gave little difference between these 

measurements, beyond what might be expected due to experimental error, 

measurements on the majority of tubes showed a marked apparent dif-

ference between photographic and photoelectric gain measurements; in 

these latter tubes the photographic gain exceeded the measured photo-

electric gain by factors as great as 2.5. 

It was thought at first that x-radiation was responsible for 

the apparently enhanced photographic gain, but experiments to verify 

this idea by interposing thin materials which were opaque to the 

visible radiation gave negative results. Although no satisfactory 

explanation for the observed effect has so far been given, it may be 

due to some special property of contact photography through a thin 

window of the kind considered by Mandel 45, where an enhanced photo-

graphic effect is postulated as a result of the strong rbunchingl of 

photons emitted in the phosphor scintillations. 

7.2.2. The geometrical resolution  

The best resolution of optical test patterns was only 

obtained for specimen tubes after extremely careful adjustments of the 



tube and apparatus had been made. Thus, it was necessary first to 

adjust a tube so that its axis of symmetry was closely parallel to the 

magnetic axis of the focussing solenoid and then to adjust carefully 

both the optien1 and magnetic focussing. 

Measurements were made by projecting a resolution test 

pattern, consisting of a tapering fan of black and white lines, each 

of equal width, onto the photocathode. The image on the phosphor 

screen was observed with a microscope and, under the best conditions, a 

resolution of about 60 line pairs per mm was measured; this figure 

agreed closely with the predicted value obtained theoretically in 

section 5.5.2. Photographic resolution tests were also made using 

both film and photographic paper pressed into contact with the thin end- 

window. In the best case, for a tube of 15 	end-window thickness, 

a resolution of about 25 - 30 line pairs per mm was obtained using 

50-91 film. A reproduction of a typical film resolution test is given 

in figure 18a0  where a fan of fifteen black and white line pairs is 

aown and the image is about 1 inn wide at the broadest part. It can 

be seen that the limiting resolution in this particular case occurs 

about two-thirds of the length down the fan, corresponding to about 

28 line pairs per mm, This figure is indeed the order of resolution 

that is expected from the theoretical estimate of section 5.3. 
The geometry of the image obtained by contact photography 

can be judged from a photograph of a fine rectangular mesh. Such a 

photograph is shown in figure 18b where the uniformity of geometry 

and. resolution can clearly be seer. 



Fig.18a 	esolution test fan 

Fig.18b 	Test of field uniformity 
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7.2.3. The spurious light background. 

Even in the absence of any illumination at the photocathode 

of the thin end-window intensifier, therelill always be a spurious 

light background at the phosphor screen. Such a background will be 

due to thermally emitted electrons from the photocathode, spurious 

electron emissions from the electrodes of the tube and other sources, 

and also due to ion feedback to the cathode. Tests were made to 

assess the permissible operating time of the thin-,window tube, by 

contact photography in the absence of input illumination. A typical 

test was made using the fastest emulsion available that was sensitive 

to the spectral emission of the phosphor screen. This emulsion (Ilford 

5G91) was half covered by an opaque semi-circular material and then 

pressed against the thin end-window. After a specified time, for a 

certain operating voltage, the film was removed and developed in a 

tfast' developer (Ilford ID-13) and the two semicircular halves of the 

film compared. The results of such tests on several tubes showed no 

difference in density between the exposed and unexposed portions of 

the film for exposures of 15 minutes and operating voltages of 20 kV, 

Other tubes, however, showed a significant difference in density. In 

this latter case, the spurious background could not be accounted for 

merely by electrons thermally emitted from the photocathode because 

of the relatively lou order of this emission ( 	1000 electrons/cm2/ 

sec), and it was probably caused by spurious emissions at the wall 

electrodes aggravated by local electric field non-uniformities due to 

charging of the insulating regions of the glass walls. This idea 
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is supported by the fact that the background characteristics of some 

tubes could be significantly improved by painting conducting rings held 

at the potentials of the corresponding inner electrodes on the outside 

of the tube, which presumably helped to stabilise the potentials of the 

glass walls inside the tube, 

7,2.4. Lifetime of the metal ended tube  

The photocathodes of all the metal ended tubes made were 

measured periodically after processing, so that an assessment of the 

lifetime of these tubes could be made. In the best case a hnlf-life 

of about 15 months was obtained, though the majority of tubes had half-

lives not in excess of two months. Thb serious limitation to the tubes 

described was attributed to outgassing of the metal components of the 

tubes, since the lifetime of a tube was in general correlated with the 

cleanliness of the metal used. 

This drawback was considered sufficiently serious for a 

re3ically new approach to be made in the physical construction of the 

thin-.window tube. The first modification, in an attempt to preserve 

the pyrex section of the tube, was to use a glass graded-seal instead 

of the metal end assembly of the previous tubes, and to mount the 

mica end-window between lime-soda glass plates; this was necessary 

because the coefficient of expansion of mica closely matches that of 

lime-soda glass. The graded-seal ranged from Pyrex to lime-soda 

glass and the mica window was mounted at the soda-glass end. it tube 

of this type (figure 19) was ac.3celsfully made with an end-,window of 
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1 am diameter. This tube, which had a photocathode of about 224. u.4/ 

lumen sensitivity, gave a very satisfactory performance and was dis-

tinguished by the excellent stability of its photocathode. Unfortunately, 

although this technique seemed to provide a satisfactory alternative to 

the metal ended tube, the practical difficulty of making large diameter 

pyrex-lime-soda glass graded seals was so great that this approach was 

abandoned. The performance of the tube vas so satisfactory, however, 

that it was decided to try and make instead an all-glass tube con-

structed almost entirely of lime-soda glass. 
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Chapter 8. All-glass tubes 

The problem of making intensifier tubes almost entirely of 

lime-soda glass appeared to be entirely feasible, except for the 

inevitable hazards of working with soft glasses. Indeed the process-

ing of photocathodes in a soda-glass envelope is perfectly possible, 

and this has been done in industry for some considerable time, and 

experiments by the author have demonstrated that thin mica endr-iwindows 

can readily be mounted between lime-soda glass plates of the correct 

thermal expansion coefficients. However, because of the difficulty of 

making a large number of conducting seals through a lime--soda glass 

tube without the tube cracking, it was decided to make a fresh approach 

to the problem of defining the electric field inside the tubes. 

Smith, of Imperial College, had shown that it was possible, 

in image intensifier tubes, to define the electric field by uniformly 

conducting coatings (or spirals) inside the cylindrical glass envelopes 

of such tubes. However, such spirals gave rise to spurious emissions 

between adjacent turns of the spiral and it was necessary to coat the 

conducting electrodes with some insulating material in order to suppress 

the emissions. Very little success was obtained in the practical con-

struction of tubes of this sort, because of difficulties encountered 

with the application of these insulating coatings. It was reasoned, 

however, that the glass walls of the tube envelope might act as the 

insulating coating and the spiral electrode could. be  applied to the 

outer surface of the tube. It was suggested by McGee, that the 

conductivity of lime-soda glass might conveniently be used to define 
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the interest] electrio field by providing a suitable external potential 

distribution. 

8.1. Tubes with external conducting coatings  

L number of lime-soda glass tubes were made which had various 

moans for providing a uniform potential distribution along the outside 

walls of the tube between photocathode and phosphor screens; the tubes 

titre in other respects similar, including a reversible photocathode 

and a processing compartment. The methods of external potential 

distribution can be separated into three categories: 

i) the use of uniform resistive coatings; 

ii) spiral electrodes of high resistance material; 

iii) a set of equispaced coaxial conducting rings held at pro-

gressively higher potentials. 

Although these tubes gave performances that were, in some 

respects, acceptable (e.g. gain), they all exhibited a very high 

spurious light background in the absence of any incident illumination. 

Considerable time was spent in investigating and overcoming this 

difficulty. At first it was thought that the light background was 

due to relatively poor vacua inside the tubes, but experiments on 

continuously-pumped tubes showed that this was not the case, since a 

high degree of light background was still observed. Another idea 

was that the background might arise as a result of external electricni 

breakdown or instability, but this was also proved to be wrong since 

tubes operating in oil baths stir. exhibited the spurious light back. 
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ground at at the phosphor screen. 

In the course of the experiments it was noticed that the 

spurious background almost entirely disappeared when the tubes were 

operated without any magnetic field. Thus, one tube which showed a 

significant light background at about 4. kV operating voltage when the 

magnetic field was switched on, exhibited no excessive light back-

ground at 25 kV when there was no magnetic field. The exact origins 

of this undesirable phenomenon have not been fully explained, but one 

suggestion is that the spurious light background is due to ion feed-

back to the photocathode. 

Trio cases need be distinguished. In the presence of the 

electric field only, any spurious electrons liberated from the glass 

walls of the tube will be accelerated and will, in general, strike 

the phosphor screen; in this, very few of the electrons will strike 

the walls of the tube because they will always have some initial 

velocity component perpendicular to the walls. Thus, if there is no 

r.agnetic field acting, the light background due to such electrons 

is likely to be of comparatively low order. If now the tube is 

operated with a magnetic field, an entirely different situation is 

obtained. Here, any electrons originating at the glass walls near 

the photocathode will, in general, strike the glass walls Pgain further 

along the tube towards the phosphor screen. This is because the com-

bined action of the electric and magnetic fields is to constrain the 

electrons in helical paths of small radius ( 'No 1 mm). Such 

electrons, on impact with the glass, will almost certainly liberate 
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further electrons and also possibly positive ions (i,e. Nat ions). 

Hence, in the presence of combined electric and magnetic 

fields, an electron multiplication mechanism can be envisaged, with 

electrons multiplying in number along the glass walls towards the 

photocathode and positive ions migrating towards the photocathode. 

Because of their greater mass, the positive ions will have larger 

helical radii and will strike the photocathode at all parts of its 

surface. It is these positive ions, striking the photocathode, that 

most likely give rise to most of the spurious electrons at the phosphor 

screen. This view is supported by the fact that the observed light 

background is substantially uniform over the whole area of the phosphor 

screen. 
If the postulated mechanism for the presence of the high 

level of light background is correct, it was argued that it should be 

possible to overcome the difficulty by suppressing the spurious wail  

emissions with a set of annular baffles. Such annuli would have the 

anal purpose of preventing most of the electronce ion migration along 

the walls, and also of defining the electric field inside the tube. 
It was decided, therefore, to investigate a modified design of tube 

with an internal electrode system consisting of a set of equispaced 

coaxial conducting annuli. 

8.2. Tubes with annular electrodes  

Two main approaches have been made towards the construction 

of an all-glass tube with internal electrodes. In the first of these, 
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it was decided to make the tube in the farm of a set of conducting 

annuli separated by lime-soda glass cylinders of eqpnl length. In 

this tube, the form of which can be seen in figure 20, the annular  

electrodes are of lime-soda glass which had been coated with platinum 

to give conducting surfaces; connection to the metallic coating on 

the annular discs is made by platinum paste contacts through the glass 

seals. The set of glass annuli are separated by lime-soda glass 

cylinders, and the components of the whole assembly are fused together 

using a soft glass solder at all the joints. Considerable aifficulty 

was experienced before a satisfactory technique was established for 

making these seals. In the latest tubes of this type, all  the sur-

faces to be sealed are first coated with a flame-fired layer of the 

solder glass (B.T.H. C93) and then the whole assembly is mounted in 

an aligning jig and oven fired. In this way an annealed tube is 

obtained with all the seals made at the same temperature. 

The tubes are provided with a processing compartment and a 

rtversible photocathode, although the use of metal is kept to a 

minimum in the photocathode catch mechanism. For this reason, the 

photocathode plate rests on a polished glass platform. In order 

to eliminate the pumping stem in the accelerating space of the tube, 

the photocathode plate catch is magnetically operated and the plate 

can take up two positions - a pumping position, allowing gas to pass 

freely between the two compartments of the tube, and a processing 

position in which the accelerating space of the tube is effective)/ 

sealed from the processing compartment. 
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Several tubes of the type just described have been made and 

ail  have given very promising results. Thus, all the photocathodes 

have remained stable after processing. In the best of these tubes, a 

flux gain of v 35 has been obtained for blue light and 20 kV operating 

voltage, with a photocathode (not oxygen sensitised) of 2L. /2A/lumen. 

In addition, both the geometry and resolution of test images have appeared 

in every way as good as for the metal-ended tubes. Finally, a very 

low order of spurious light background has been obtained for voltages 

up to 25 kV. 

Although these tubes, with ann/liar electrodes sealed through 

the glass envelope, have yielded excellent results, they are difficult 

to make and the failure rate due to cracking of the lime-soda glass at 

the seals on reheating is high. For this reason an alternative 

approach to the problem is being made at the same time. 

In this second alternative the potentials of a set of internal 

aainular conducting electrodes are defined)  using a corresponding set of 

e:ternal electrodes, by conduction through the glass walls, while any 

spurious wall effects (viz; ion or electron emission) are suppressed 

and have no influence on the central region of the accelerating space. 

Because there are no intermediate metallic seals through the walls of 

the tube, the construction is greatly simplified. 

Tubes of this second type have been successfully made and 

have performed largely in the way hoped. Thus, the photocathodes 

have maintained their sensitivities over a long periodl  one tube has 

withstood accelerating potentials of up to 35 kV without any excessive 
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light background, and blue light flux gains of the order expected 

( #\450 at 25 kV) have been obtained. In one respect only have the 

tubes not proved entirely satisfactory, namely, that there is some 

geometrical distortion of the image, especially towards the edgescf 

the field. This effect is attributable to charging of the walls of 

the electrode spacers. These spacers have been made of pyrex glass, 

whose highly insulating nature is such that any accumulated charge 

can not readily be removed. 

The most recent development in attempts to overcome this 

difficulty is to use spacers of lime-soda glass, in the hope that the 

lower resistivity of this glass will greatly minimise the accumulation 

of charge on the surfaces. 
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Chaptei 9.  Conclw...iGn 

The performance of the metal-ended tubes describes. fu] the 

present thesis has demonstrated that the aims sot out earlier in the 

thesis could be attained in principle. That is to say, single-stnE3 

thin-gindow tubes have been made capable of a significant improvement 

in performance comparedwith conventional photography, with useful 

light gains of ^.) 50 and yet with sufficienta,y dark backgrounds to 

permit exposure times of 'ey15 minutes. Because it is a characteristic 

of these tubes that the light background dereas,::s very rapidly when 

the opel-ating voltage is reduced below some critical value, the per- 

missible exposure time may be considerably increased, if some loss of 

gain can be tolerated. In addition, the tubes have yielded very good 

resolution and geometry of the final image, so that the performLnce of 

these tubes may be expected to be of great value for many astronomical 

applications. However, nearly all the metal-ended tubes, with very 

few exceptions, had a short useful lifetime;. ant it was consade-c.ed 

impracticable for these tubes to be manufactured with any reliability. 

To overcome these vacuum difficulties the construction of 

tubes from lime-soda glass was undertaken and, in spite of the dif-4 

ficulties of working with this soft glass and the unexpected pyoblem 

of spurious light background, Which appears to be associated with the 

use of this glass, the results appear to be successful. ii range of 

experimental lime-soda tubes with thick end-windrows have been made 

which have given promising resultxt. Thus, light gains of the order 

of '‘.?, 50 have been obtained for n::tr6,  iticident light with photocathodes 
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of -sa 35 L sensitivity, and these cathodes have retained their sen-

sitivities over the vhole period since their activation (rL If. months). 

In addition, good definition of the image has been observed ( '1.45 line 

pairs/mm). In one respect only have these tubes not proved entirely 

satisfactory, namely, that the distortion of the image  is greater than 

for the earlier tubes, and this is attributed to misalignment in the 

tube and also to some inhomogeneity of the electric field. However, 

it may confidently be predici.ed that the distortion can be greatly im-

proved; if necessary, an internal potential divider chain can be pro-

vided to define the potentials of the internal annular electrodes in 

the all-glass tube. 

Only one all-glass tube incorporating all the design features 

established in previous tubes has so far been made, with a thin (18 iu) 

mica window. This tube, -which has a photocathode of -, 31 ,A ./L 

has a gain of 	).5 to blue incident light, at an operating voltage 

of 25 kV. The final image is of good quality and there is no 

appreciable light background at 20 kV operating voltage. Further tests 

are in progress on this tube, but it seems reasonably certain already 

that this form of tube may, with little modification, be suitable for 

manufacture. 

The development of thin end-window tubes capable of operating 

at still higher voltages with little spurious background is considered 

to be of considerable interest. Indeed, the higher the operating 

voltage the greater will be the light gain of a tube of the design 

described. However, if a tube w'.th a mica end-window r, , 5 p thick 
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and no phosphor, could be made to operate at ).0 kV, it seems reasonably 

certain that almost all the electrong would penetrate right through the 

end-window with sufficient residual energy to render at least one grain 

of an electron-sensitive emulsion developable. This prospect is 

attractive since it would make possible in a simple vacuum device what 

Lallemand has already achieved with very considerable complication in 

technique and apparatus - namely, the detection of single photo-electrons. 

If it turns out that all-glass tubes of the existing type are unable to 

operate satisfactorily at very high voltages (although tubes of this 

type have already operated at 35 kV), it would be relatively simple to 

lengthen the tube. Work is at present in progress at Imperial College 

on such a project and simultaneous efforts are also being made to mount 

very thin mica windows between lime-soda glass plates, using silver-

chloride instead of low melting-points glasses. 

The establishment of a basic design of lime-soda glass tube, 

which is satisfactory from the point of view of the four main features - 

light gain, image resolution, image geometry and background - makes 

possible the addition of fibre-optics windows, since such windows can 

be sealed to lime-soda glass envelopes using techniques similar to 

those used for micawindows. In such tubes the fibre-optics can be 

at one or both ends, with the photocathode and or phosphor screens 

on their inner surfaces. It would then be possible to cascade 

several such tubes with very small coupling losses. 
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Lppendix 1 

The relationship between quantum and integral sensitivity for the semi-

transparent Sb-Cs photocathode 

The quantum sensitivity of a Sb-Os photocathode a- ()\ ) has 

been given by Burton 7  as a function of the wavelength of incident light. 

In practical measurement, however, the integral sensitivity L in micro-

amperes/lumen is usually required. It is useful, therefore, to know 

a relationship between a- ( -N) and L, and this will now be established. 

Now, if o" (30 is the quantum efficiency in percent, we have 

an efficiency 

 

electrons/quanta, at wavelength 	(1) 100 
Since 1 amp = 6.25 x 1018  electrons/sec, 

1 watt = 107 erg.sec -1  

and the energy of one quantum at wavelength 	ems is 

ho _  (6„62 x 10-27).(3 x 1010)  

7 	,A 

19.83 x 10 —17 ergs 

ergs 

so•• •4p (2) 

Therefore, the nuMber of quanta/erg at wavelength ) ans is 

)‘.1017  
19.83 	,t,j x 1015 	quant a/erg 

Hence, 1 watt is equivalent to 107 x 5 x 105  1\ quanta/seo. 

i.e. 1 watt = 5 x 1022 -N quanta/sec 

Then, from (1), (2) and (3), energy at wavelength \ is 

( 3 ) 
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ccurveT,.-hed, with  an Qfei.cooncy 

5 x 1022 	cr ( 	) 
6.25 x 1018. 	100 

ampq/Watt 006.0(4) 

Hence, for a tungsten source at 2.776°K (i.e. a stananrd 

lamp) radiating L. lumens, all of which is intercepted by the photo-

cathode surface, we can write dawn an expression for the integral 

sensitivity of the photocathode in amperes/watt, thus: 

a )Max 

500  
6,25 X 	) r ( )).ah 

amps/watt ...(5) 
co, 

r( ).a'N 
( 

`so 
where P,  is in centimetres, and r( ) is the relative spectral 

energy distribution of a tungsten filament at 2776°  K (i.e. with a 

oclour temperature of 2854° K). 

ir oo 
We note that 	r(: ).d.;\ is the total radiant flux 

from the tungsten source. However, in equation (5), the relative 

distribution r() ) can have any scale since it appears both in 

numerator and denominator. 

If we wish to express the integral sensitivity in micro-

amperes per lumen, we must find what luminous flux in lumens corresponds 

to the total radiant flux emitted by the source. This is given by 

-0 
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= Ininax 
	

I 	r( 	) k( 	 .....(6) 

where k( ) is the relative visibility to the photopic eye 48, and 

lc( 	) = 1 at the wavelength at -which the eye is most sensitive 

( 	5560 .2); at this wavelength, the mechanical equivalent of 

light mmax  49  is equal to 621 lumens/watt, 

Hence, by analogy with equation (5), the integral sensitivity 

L expressed in miacoamperes/lumen is given by 
:N.  max 

500 x 106  \ 0- / r ( 	),d)+ 

 

L 
.1 
O 

  

(7) 

   

    

2 
r( ->\ ) k( t;\ ).d/\ 

11 

Here, once again, r( ) can have any scale. The various 

distributions required in the ca.lculntion, 6' ( -A )2  r( j1 ), k( ) 

are given in Table 2, for different values of the wavelength /1 • 

Using these values and performing the numerical integrations 

of equation (7), using 200 A intervals, we obtain a value for the 

integral sensitivity: 

L 	90 microamperes/lumen. 



A Ain A k( A ) cs(A) r( 	) 

2,600 
2,800 
3,000 
3,200 
3,400 
3,600 
3,800 
4,000 
4,200 
4,400 
4,600 
4,800 
5,000 
5,200 
5,400 
5,600 
5,800 
6,000 
6,200 
6400 
6,
,
600 

6,800 
7,000 
7,200 
7,400 

	

20 	0 

	

19 	0 

	

19 	0 

	

19 	0.121 

	

20 	0.230 

	

21 	0.407 

	

21 	0.664. 

	

20.5 	1.00 
20 

	

18 	1.9 

	

17.5 	2.5 

	

16 	3.3 

	

13 	4.14. 

	

11 	5.0 

	

8.5 	6.0 

	

6 	6.9 

	

5 	8.0 
9.10 

	

2 	10.2 

	

1 	3-1.3 
O 12.2 
O 3,3.3 
O 34.00 
O 15.0 
O 15.8 

0 

0 

0 
0 
0 

0.0004 
0.004-
0.023 
0.060 
0.139 
0.323 
0.710 
0.954-
0.995 
0.870 
0.631 
0.381 
0.175 
0,061 
0.017 
0.004. 
0.001 
0.0003 

TABLE 2, Distributions of o—  ( -,\/‘ ), r( 	) and. k( 	). 
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Appendix 2  

The differential equation governing the eq13113brium of a thin lamina 

under transverse loading  

Consider a transverse loading intensity Z acting on some small 

element ( 	Sz) of a lamina in the direction Oz, where Z. is 

regarded as constant over the small area. Then there will be a trans-

verse force Z. x y in the direction Oz. 

In figure 21, showing the action on such a typical sma11 

element, Nx  is the line-intensity of action on an edge perpendicular 

to 0x at distance x from axis*  

X 

Y z" 
/ I 

/ • / 
(Nx+ '.):1\Tx ) 	y 

(kTy+ > Ny). 

Figure 21 

Then the nett effect on this edgewill be 

Nx  . Sy 

and the effect on the edge at distance (x + Sx) from y-axis is 

(Nx  + • Nx). y 

Thus, the resultant effect in the direction Oz is 

f; X 
LV 



• Nx•  y 
I 	11.1c 

x + 

by Taylor's theorem. 

Similarly, for the edges perpendicular to Oy, the resultant 

force is, 

N 	 1 t  
Ny• 	x 	7-

y  
- • 	 x in airection Oz 

Therefore, for equilibrium, we must have 

NNx  
= 0 to a first order x 

 

( ) 

 

Now the shearing actions Nx  and Ny  introduce turning moments 

where, from figure 1, the action Nx  involves a moment 

Nx. Sx. Sy 

in a left-handed sense with respect to the y-.ads. Similarly, the 

action Ny involves a moment Ny. S x y. 

Now we have the well-knovn results for the stress couples 

Gx, Gy and H acting on the edges perpendicular to Ox and Oy 

Gx  = D (kx  + 6' .ky) 

= D (ky 	 ,kx) 

= -D(1 Cr) t xy  

wherekx  is the curvature with respect to the x-axis and 

measures the twist of the mid-surface, and is defined as 

2 
= 	• 

V 	y 

V 



(Gx 	Gx) b  y 

V 

Sx 

Sy 

Nx. ?x. Sy 
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Hence, 

e2v) 
kx 	`\ 2 	kY y2 C, x 

where ,j is the displacement of the mid—surface in the direction Oz. 

In equation (2)1  D is a function of the elastic constants of 

the lamina, given by: 

2Eeh  D 
3(1 — 6-2) 

where E is Young's modulus, er is Poissonts ratio and 2h is the 

thickness of the lamina, 

Now, for equilibrium, the resultant couple about an axis 

par'lllel to Oy must be zero, 

P(x,y,z 

A 

I 

Gx"` y 

(H Hxy.) S x 	Figure 22 

Thus, from figure 22, 

S Gx, 	y + 	X Nx. SxSy=0 

i.e. 

0 

 

(3) 

 

Similarly, for the equilibrium or the couples about an axis parallel 



N o x  
c)Hxy 

7.139— 

to Ox 

Then, from (2), (3) and (4.), we find 

Nx 	D 	(kx 	6...ky ) 4. (1  _ 6 _) 	 
974', 

= D 

 

(5) 

 

and, similarly, 

Nye--D 	( 
Y 

2 \ (6) 

Finally, from (1), substituting for Nx  and Ny from (5) and (6): 

	

, 	2 	2 

	

Z = D k, 	+ —) 	(,_- 
3 2 	25 372  

= D. 



Appendix 3  

Geometrical Resolution in Homogeneous Fields  

Let the co--ordinates in the object plane be xo,y0  and let an 

electron of mass m and charge e (e.s.u.) be emitted at time t = 0 from 

this point in the plane Z = 0 with initial energy c. 

Let the electric field be E along the z—axis and the magnetic 

field be H = const along the same axis. 

Let the initial speed of the electron be v, let 9 be the 

angle of electron emission to the z-'axis, and let 	be the azimuthal 

angle of emission. 

Then 
E 	mv2 

and., 	;co  = v sin 	cos 

yo  = v sin A 	sin 

zo  = v cos 	 ) 

We may now write down the equations of motion of the electron 

ii. homogeneous fields. Thus, 

E = k Ez  = k E; H 

and m} 	+ 	+ k 

= ekE 

• kHz =kH 

= ekE 	o i2 ▪ 1▪ ;▪ -  1c21 

.SCH  thIH 

kH) 

• • • 	mE = !di 

e • 

z 

(3) 

= Ee = e 



0 —  

-where 	k are unit vectors along the x, y and. z axes respectively, 

and V is the potential. 

Writing u= x+ ly and u= x iy 

mu . eqy — 11) 	1..92(1 .4. IS) = 
00 •• 

md,analogousi,y mu 

J.11 • eH 

Then, solving (Li.) and. (5), we obtain. 

—ieHt 

leHt • 
u = 	— e me Uo eH 	1 

uo  

Henee, u = uo  when eat = 2 ic me 

i.e. when t = 2  ---f—.11.1°  eH 
• 

From equation (3), 2mz2 = — 2e 

for single loop 

focussing 

T . 	z 

2 .  ell*, on integrating, z = -- er  2 r—i. V + z2  

where V = 0 at z = t = 0, i.e. V E. z. 

dt 	1  
* 	dz = 	

z2 2e3 
0 

L.  

    

and t ffg .2 	2E ez 
/ 2° 

 

(8) 

 

     

If IA0  = 0, we obtain the Gaussian image plane z = d 
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2 Tr Lmc  2 i.e. d 	
2- 

 

When the energy of the electron is large compared with the 

initial emission energy, we may approximate in (8), writing 

   

.
o  
2 

mm 	
I 

lom 

4Eez i 	Ee 

 

2mz 
t Ee 

 

.....(10) 

     

From (6) and (7) we can write, if (xisyl) are -image  coordinates, 

• • y m y0  — 4 X0  cos 4)t X0  + yo  Sin wt k) 

where Gka = elVmc 

Rewriting equation (11) 

mcVy.   
Yo 	sin 9 cos 	(cos t 1) sin sin tA sin t a.

da  L 

mdv2  

2 "-CI 2Eee  
sin 9 cos( 	- cos 

L 

a cos 	(- t) - cos x 	sin 9 	(13) 
Vd. Tr 

where Vd is the potential in volts at z = d, and C is in electron 

volts. 

There is an analogous expression for xi - xo  as a function 

of the initial emission parameters 04 9, E. for a given image 

plane z. Thus a complete coordinate transform exists which defines 

the point of intersection with any image plane, of an electron whose 

initial emission parameters o< 0  9, e 	are known. 

eH2 (9) 

(U) 

(12) 
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Me are now in a position to discuss the intensity distribution 

in the image for a given object intensity distribution. 

Let N(f, )d.E. be the total number of electrons emitted in 

unit time, at all angles, with energies between E and 	+ dr. 

from unit area of the object, and let G(G) be their angular distribution. 

Then, the electrons flux from an object element dx0.4y0  into the solid 

angle contained between 9-- 9 + d9 and 

clearly 

N(e ) * sin O. ge)cle, do ,d 	,dx0ady0  

dc,( is 

(10 

   

So that, if these electrons fall in a corresponding image 

element dxi, olgio  they will give rise to an electron intensity con-

tribution d3J in any given image plane. 

Thus, 

d3J.cba.dyi = N( 	).G(9). sin 9.d00.--,e, ,d itd3C0  dY0 	(15) 

We assume here that G(9) is Lambertian*  so that 

G(G) = cos 9 	(16) 

However, there is no convenient analytical form for N( E ) 

and this will be represented by a numericall,y tabulated function 46. 

The object and image co-ordinate systems are related by the 

expression 

dxi dyi = D dxo  dy0  
. 	 ) 

where the Jacobi= D = ( .\ :x• 1 	
y 

) 	(-_--I) - ( xi)  (--- 
yi 

 ) 
xo ye  \ Yo xo 	a Yo xo  X0 Yo .„(18)  

If we examine the coordinate relationship (13) and the analog= 

expression for the x-coordinatess  for fixed 04  , 9, A,  and z we find 



,
T
/2  

W( 	Msin dg do/ 

0  

 

	 (19) 
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v ) = 
XO yo 	"o xo 

(— H yi  =  0  0 Yo  yo 	Yo 

 

so that the Jacobian of the transformation is clearly unity. 

Hence we can write dxi dyi  = dxo  

This merely expresses the result that conditions of unity 

magnification and no image rotation obtain. 

We may now integrate the equation (15), using the condition 

(16), to obtain an expression for the intensity at any point in an 

image plane. Thus 

J(xiai,z) 

C 
2 

1 

= 	6 ) 

1 

Here W is a weighting factor which determines whether, far a given 

set of image p arameters, (z, xi, yi, 	(- lig), permissible values 

of (x0, yo) exist, corresponding to points inside the object bound-

bries. This oondition is determined from equation (13) and the 

corresponding equation for the x-coordinates, and the value of 17 

is the object intensity at the appropriate point (x0, yo). The order 

of integration in (19) can be interchanged but a corresponding weight-

ing factor must always be included with the innermoLit integral, since 

it will depend an all the other variables 

The intensity distribution due to an optical standard 

If the object is an optical standard consisting of alternate 
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black and white lines of oval width then the triple integration (19) 

is simplified and we can write 

= 

2 	7/2  

le)sin 28.d8 dc>< d 

Lj b 	o 	(20) 

since, for an object defined by +a -;) yo 	-a; 	OD %,:/x13 	- cc 

X0  is always permissible for any xi and we need only consider the 

J(yi) distribution for any image plane. AlsoW is now a delta 

function given by 

W = 
	r I 0 ; +a 	yo 

	

L 1 ; +a 	yo  

-a 

Because of the complicated analytical form of (20), this is integrated 

numericaPy. An example is shown in figure 23, where the intensity 

distribution in the image plane 6m = 0,11 cms is calculated from 

(20)0  for an object defined by +3 	yo  > —3, + co 	xo 	—co 

(with xo, yo  in microns). 
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INTRODUCTION 

For many years image intensifiers have been used in which photo-
electrons emitted from a photocathode are accelerated and focused 
to form an image on a phosphor screen. While useful for visual observa-
tion, especially for spectral regions in which the eye is largely insensi-
tive, these conventional intensifiers have been of little value for photo-
graphic purposes because only a small fraction of the light emitted from 
the phosphor can be collected by optical systems of even the largest 
aperture currently available. 

In order to avoid this difficulty, Lallemandl has developed a tube 
in which photoelectrons impinge directly onto an electron sensitive 
emulsion in the same vacuum space. With this arrangement, however, 
there is a gradual deterioration of the photocathode due to emission of 
vapours from the photographic emulsion. To overcome this, intensifiers 
have been constructed2t in which the photocathode and electron-
sensitive emulsion are separated by a thin membrane, through which 
the accelerated photoelectrons can pass, but which is impermeable to 
the vapours which "poison" the photocathode. 

An alternative possibility, which we consider here, is to prepare a 
tube with the photocathode and phosphor in the same vacuum envelope, 
but with the phosphor screen on a thin vacuum-tight window. By 
placing the emulsion into intimate contact with the window, so as to 
make a contact print, nearly all the light emitted from the phosphor 
in the forward direction can be used, with little loss of image resolution, 
providing that the window is sufficiently thin. Such an intensifier tube 
would have the convenience of manipulation and relatively long life 
associated with sealed-off vacuum tubes. 

THE DESIGN OF THE TUBE 

Caesium, which is used in the preparation of the majority of high-
sensitivity photoemissive cathodes known at the present time, reduces 

t W. A Baum. The Potentialities of Photo-Electronic Imaging Devices for Astro-
nomical Observations See p. 1. 
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the work function of most surfaces which are exposed to it, and in 
consequence it has been recognized3,4  that if caesium were excluded 
from the working space of the tube it would be possible to use higher 
accelerating fields without break-down, and also the level of spurious 
light background at the phosphor screen would be diminished. In the 
tube we describe this has been achieved by confining the caesium to a 
processing compartment separate from the accelerating space of the 
tube; during its preparation the photocathode faces the processing 
compartment and it is subsequently turned round to face the phosphor 
screen. 

The electron-optical system must provide for a high final accelerating 
potential, so that the energy of the photoelectrons incident on the 
phosphor is as high as possible consistent with the other demands on 
the electric field; for example, the field must be kept as low as possible 
at all places where there is a likelihood of there being excessive field 
emission or spurious discharges. With an electrostatic system, it is 
generally necessary to have a curved photocathode in order to achieve a 
flat image field; this may become an all-important disadvantage where 
large photocathode areas are required. An electromagnetic system, 
although necessitating more equipment, is capable of yielding excellent 
definition with a plane photocathode, and little distortion is introduced. 
For these reasons, we have chosen to employ electromagnetic focusing 
and a uniform electrostatic accelerating field. 

For the phosphor we have used silver-activated zinc sulphide because 
of its high energy conversion efficiency in the spectral region to which 
photographic emulsions are most sensitive. It is backed with an alu-
minium film to enhance the forward light emission and to prevent the 
feedback of light from screen to photocathode. 

The thin end-window, on which the phosphor screen is deposited, is 
of mica, which can be made thin enough to allow contact prints without 
serious loss of image resolution, and yet thick enough to withstand a 
pressure difference of at least one atmosphere. Finally, it was decided 
to use a transparent, antimony-caesium photocathode as being the 
best photocathode which could readily be prepared for observations 
over the visible spectrum. 

Light Gain 
Using the quantum-sensitivity for antimony-caesium photocathodes 

as given by Burton,5  Mandel° has shown that for a single-stage 
image intensifier of the type considered here, with a ZnS:Ag phosphor, 
a total gain of about 90 in photographic speed should be obtained for a 
fast panchromatic emulsion and incident light with the same spectral 
distribution as that of the sun; this is, of course, assuming that all the 
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light emitted from the phosphor screen (in the forward direction) is 
collected by the emulsion. 

Resolution 
The limiting resolution of the tube can be estimated using the result' 

that, for ideally homogeneous electric and magnetic fields, the diameter 
of the disc of confusion dc  for the electron image is given by 

17 
de  r. 1 6 'd, V 

where 

= potential corresponding to maximum emission energy of photo-
electrons, 

V 	= accelerating potential, 
d 	= distance between photocathode and phosphor. 

For a typical tube operating at 20 kV, we find, using this formula with 
d = 25 cm., that an image on the photocathode of about 20 line pairs 
per millimetre is resolved, if 100% modulation of the electron image is 
assumed. But tht phosphor particles vary in size from 1-5 microns for 
an average fine-grain ZnS screen and, if mica is used, the thickness of 
the end-window will be in the range 5-25 microns. Resolution is lost 
due to scattering of electrons in the screen and the halation produced 
by multiple reflections in the phosphor substrate. This scattering of 
electrons and emitted photons effectively broadens the incident electron-
beam, for small-crystal screens, by an amount comparable with the 
thickness of the screen; in this case, for a high-efficiency screen used at 

kV, the thickness will be about 10 microns. Thus it will be seen 
that the resolution of the final optical image is governed mainly by the 
thickness of the phosphor screen and end-window. It is, however, likely 
to be better than 15 line pairs per millimetre; this is sufficient for most 
astronomical purposes. 

The Practical Form of the Tube 
Caesium vapour is excluded from the working region by having a 

processing compartment separate from the main body of the tube and 
a reversible photocathode3; this is shown in Fig. 1. Figure 1 shows: 
(1) thin mica end-window with aluminised phosphor screen; (2) focus-
ing solenoid; (3) turn-over photocathode plate; (4) accelerating elec-
trodes; (5) resistive potential divider; (6) photographic emulsion. 

During processing the photocathode plate (3) faces the processing 
compartment (7), whilst during operation the processed plate is turned 
over and faces the phosphor. The reversible photocathode plate here 
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is held in place by a shelf-and-catch arrangement, designed to prevent 
the passage of caesium into the working space (8). When processed it 
can be conveniently released by a sharp blow on the tube, turned over, 
and then refixed to the shelf: this can be done rapidly and easily and 
obviates the use of any magnetic material which might adversely affect 
the imaging. 

2 

Alk•••• •••••••••••••4•••••••••••••••••••••••1•4  
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FIG. 1. Practical form of the tube. 

Preliminary experiments performed here have indicated that photo-
cathodes prepared in this way, which exist in an evacuated (about 
5 x 10-8  10-7  mm. Hg.) space after processing, do not behave very 
differently from normal antimony-caesium photocells, where the 
photo-surfaces are always in an environment of caesium vapour. That 
is to say, they do not fall in sensitivity with time after the usual initial 
decrease, except for a very gradual deterioration over a period of many 
months. In addition, it has been found that a reversible photocathode 
shelf mechanism of the type mentioned can be successfully used to ex-
clude caesium vapour from the main body of the tube during processing. 

Mica is used for the thin end-window at the phosphor screen end. This 
was chosen in preference to glass because of the difficulty of making 
thin, uniform glass membranes and because of the relative weakness of 
thin glass compared with mica. Investigations have shown the extreme 
strength of thin mica laminae. Circular, vacuum-tight windows ranging 
from 1 to 4 centimetres in diameter have been made with thicknesses 
of 5 to 30 microns. A typical figure, demonstrating the strength of the 
window used, is that a mica 15 microns thick and 2.5 cm. diameter has 
withstood 7.2 kilograms/cm2  (i.e. about 7 atmospheres) without rupture. 
Other windows, using 25 microns thick mica at 5 cm. diameter, have 
successfully been made to withstand atmospheric pressure. 

The mica that is used is first examined for freedom from flaws, and a 
suitable specimen is then mounted between chrome-iron rings with an 
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appropriate glass solder. One of the chrome-iron rings is brazed to a 
Nilo-K cylinder which can easily be fixed to the main body of the tube, 
using a Kodial glass-metal seal. 

As mentioned, the tube is used with magnetic focusing. This can take 
two forms: either a long solenoid, providing a homogeneous axial field, 
or a short magnetic lens. Although in practice the best definition will 
probably be obtained with the long solenoid, the short lens is extremely 
convenient for experimental work because of its size. 

The accelerating field is provided by a series of equi-spaced coaxial 
rings, held at progressively higher potentials. Good approximation to a 
uniform electric field can be obtained in this way over the whole photo-
cathode area (about 3.5 cm. in diameter). Connections to these platinum 
ring electrodes are by means of platinum tape seals through the glass 
envelope. 8  

A feature of the tube is that the final join in the main envelope is 
made using a silver-chloride seal. This forms an excellent vacuum joint 
of reasonable mechanical strength, which can conveniently be made at 
comparatively low temperature (about 450°C.). In this way glass-
blowing is avoided which might be harmful in causing undue flexing of 
the mica end-window. An additional advantage of the silver-chloride 
seal is that it permits easy disassembly of the tube, enabling either end 
to be used again subsequently in case of failure in processing. 

Performance of Existing Tubes 
Several tubes have been made in the way described. At first con-

siderable difficulty was experienced in preparing good antimony-
caesium photocathodes. This was a consequence of the poor thermal 
control over the photocathode plate during processing. Initially, the 
best sensitivity obtained was 30 VA/lumen. Since then, as a result of 
improvements in the techniques employed, an average figure for the 
sensitivity of a typical reversible photocathode has been 40 pLA/lumen, 
and values in excess of 65 /LA/lumen have been obtained. 

Tubes that have been made with reversible photocathodes have 
withstood potentials greater than 25 kilovolts without breakdown. In 
addition, the light background in the absence of incident illumination 
has, in most cases, been negligible. Only one tube, so far, has been fully 
evaluated, and this only had a photocathode sensitivity of about 25 
pAilumen. It yielded a gain of about 24 at 24 kilovolts accelerating 
potential and unity magnification. In addition, the low background 
level of the same tube can be judged from the result that a reasonably 
fast orthochromatic emulsion (speed 100 A.S.A.) showed no noticeable 
blackening (i.e. a density less than 0.01 above fog) after exposure for 
30 minutes at the phosphor end of the tube, compared with an unexposed 
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section of the same emulsion. The accelerating potential was held at 
20 kilovolts during the test. Finally, excellent geometry and definition 
of the final image was obtained. 

Recently made tubes (an example of which is shown in Fig. 2) have 
all had photo-sensitivities of 40 µA/lumen or better. For a period, 
serious difficulties were encountered in achieving satisfactory vacuum 

9 

12,ns  

FIG. 2. A recent single-stage intensifier with 2.5 cm diameter end-window. The silver 
chloride seal can be plainly seen towards the screen end of the tube. 

in these tubes, hut this appears to have been overcome, as several tubes 
have been completed and have given results comparable to that quoted 
above. Efforts are being made at present to obtain maximum efficiency 
of both photocathode and phosphor screen. 

Other Developments 
Early experimental results were obtained using photographic paper 

which was pressed on to the mica window. This method, although useful 
in obtaining an idea of the performance of a tube, was not good enough 
to ensure good contact between the photographic paper and thin mica 
window. As a result, poorer quality of the final image was obtained. 

A device for improving the optical contact between the mica window 
and the photographic emulsion has been made, employing a more 
sophisticated technique for placing a photographic emulsion into inti-
mate contact with the mica window over the whole area of the phosphor 
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screen. In this, the space between the mica and a flexible emulsion (or, 
alternatively, a pre-formed emulsion) is roughly evacuated. This method 
not only ensures good contact, but also possesses the advantage that 
the maximum pressure on the end-window never exceeds atmospheric. 
A diagram of the device (Fig. 3) shows: (1) thin end-window; (2) pump-
ing stem; (3) metal bellows; (4) "0-ring" seals; (5) thin flexible dia-
phragm, with photographic emulsion. Normally the upper "0-ring" 
seal (4) is in close contact with the end-plate of the tube (7), and the 
emulsion (5) can then be brought into close contact with the mica end-
window (1) upon evacuation of the space between. 

FIG. 3 Device for improving the optical contact between the mica window and the 
photographic emulsion. 

End-windows of 2.5 cm. diameter and thicknesses ranging from 10 
to 15 microns are now commonly used in tubes. It should be possible, 
however, to make the form of the end-window other than circular. In 
particular, rectangular slit end-windows might be used with advantage 
in work on spectra; here, with slits in the order of a few millimetres 
wide, it should be possible to make fairly long windows using 5 micron 
thick mica. 

An approach has been made to the problem of large area screens, in 
the case when high resolution is not required, by using a grid structure 
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to support the mica window. Here the mesh is very coarse (2 x 1.5 mm. 
holes) and only local areas of the field are obscured. 

It has been pointed out that a coaxial ring system is used to provide 
an approximately uniform electric field. However, better uniformity 
can be obtained by using a spiral accelerating electrode of some con-
veniently high-resistance material. In addition, this method possesses 
the considerable advantage that only two electrical connections are 
required. 

CONCLUSION 
Tubes have been made with highly promising results. It is intended 

that more tubes of the type described will be made, combining a larger 
mica end-window and high photocathode sensitivity. 

Despite the successes obtained in processing high sensitivity anti-
mony-cesium photocathodes, subsequent tubes are planned using 
multi-alkali (Sb-K-Na-Cs) photocathodes; these have the double ad-
vantage that they possess an extremely high quantum sensitivity and a 
wide spectral response. Later a Ag-AgO-Cs cathode will be incorporated 
to give sensitivity at still longer wavelengths up to 12,000 A. 

Another development proposed is that an additional thin mica 
window should be used at the photocathode end of a single-stage tube, 
where the cathode is formed on the inner surface. Such a tube would be 
useful as a first stage tube in nuclear particle-track observation. Here, 
the bundle of fibres used in a solid "luminescence camera" (as proposed 
by Reynolds9  t) could be brought into close contact with the photo-
cathode, with little loss of image resolution or intensity: in any case 
the resolution would most probably be set by the size of the individual 
fibres. In addition, several such tubes could conveniently be cascaded 
with the aid of glass or plastic fibre bundles. 
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DISCUSSION 

H. BRUINING: With an accelerating voltage of 30 kV one can estimate that one 
photoelectron leaving the photocathode will excite of the order of 1000 photons 
in the fluorescent screen. This means that one photoelectron is capable of blacken-
ing one grain in the photographic emulsion, a result equivalent to that of 
Lallemand. Is this correct? 
B. zACHAROV: It is difficult to say whether our tubes will produce one developable 
grain for each photoelectron Because of the finite thicknesses of the phosphor 
screen and mica end window, most of the excited photons will not strike the 
same grain. However, with a sufficiently thin end window and phosphor screen, 
I would agree that there is a high probability of a developable grain being 
produced. 
E. F. DE HAAN: What is the loss in definition due to the fact that the mica window 
is curved? 
B. ZACHAROV: We have considered this question, and conclude that, if the electron 
image is focused on some optimum plane intersecting the curved end window, 
the resulting loss of definition at the extreme points will not exceed that set by 
our present phosphor screen and mica end-window combination. 
M. BARRIER: (1) What is the gain of the tube in terms of light; that is, for N 
photons falling on one point of the photocathode, how many are sent out into the 
half sphere solid angle at the phosphor? 

(2) To get the maximum definition with the parallel electric and magnetic 
fields, the magnetic field should be perfectly homogeneous. Do you use a simple 
solenoid coil or are you obliged to correct the field it gives by extra coils? 

(3) What is the limit of definition set by the phosphor and window thicknesses? 
B. ZACHAROV: (1) With tubes operating at about 20 kV we have had measured 
quantum gains up to 30 when the light before and after intensification had the 
same spectral distribution. 

(2) We obtain excellent results with a simple solenoid which extends well 
beyond the photocathode and phosphor screens at their respective ends. Thus the 
operative part of the tube is in a reasonably uniform magnetic field. However, 
end-correcting coils might well be advantageous when we come to require high 
precision in definition and geometry. 

(3) Our measured resolution is limited by the circle of confusion of the electron 
image, the screen thickness, the mica thickness, and turbidity in the film. Of 
these, the second and third are probably the most important. The best resolution 
measured to date has been about 15 line pairs per mm. 
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