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ABSTRACT. 

The role of the image—tube camera in the field of 

high speed photography is discussed. The need for an 

image store for exposure times in the nanosecond region 
is indicated. The theoretical performance to be expected 

from an electron image delay tube is considered. The 

techniques used in making the tubes are described. The 

electronic problems introduced, and the techniques used 

to solve them are discussed — including both generating 

accurately timed gating pulses and the shaping and 

application of those pulses to the tube. The performance 
of the device as a high speed camera is investigated. 

The extension of the image store to a digital information 

store to be used in conjunction with a computer is proposed. 

The extension of the image store to an information store 

for use in conjunction with an oscilloscope to extend the 
bandwidth to 1000 Mc/s is proposed. 
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1. 
CHAPTER 1. 

The techniques of High Speed Photography have developed 

rapidly over the past 20 years. In a review article in 

1957(1)  Courtney-Pratt defined High Speed Photography as the 

region beyond 1 msec., in a similar review in 1962(2) Coleman 

extended the definition to exclude exposure times greater 

than 50 p.sec. 

The time sampling in a camera system is done by either 

controlling the light source or the flux at the camera 

position. The control in either case can be of many types 

and the action is generally called shuttering. 
Three actions of shutter exist: the closed-open-closed 

type as used in all ordinary cameras; the repetitive type 

as on a cinematograph camera, the open-closed type or 

capping shutter. 

In the realm of submicrosecond photography with which 

the subject matter of this thesis is concerned mechanical 

shuttering becomes impracticable. However in order to put 
the subject matter into perspective a brief review of High 

Speed Photography techniques will be given. 
The fastest commercial mechanical shutter has a 300ylsec 

movement(3). Most mechanical shutters are of the capping 

variety, the main shuttering being done by faster techniques. 
The capping shutter ensures no light passes through the 
high speed shutter which normally does not have a high 

optical density when closed. Edgerton(4) describes a 

shutter in which 40 fine lead wires were electrically 

evaporated explosively in front of a glass plate. An optical 

density of 3 was reached in 30,usec. 
The shatter shutter is widely used as a capping shutter. 

In its simplest form it consists of a disc of optical glass 

about 30 mm  in diameter contained in a steel box between 

two glass windows. In contact with the disc is a small 
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detonator. When fired a shock travels across the disc and 
the glass shatters internally. Closing times are approx. 
12psec and the effective optical density is approx. 3, the 
appearance being similar to a shattered motor car windscreen26.1t 
with smaller particle size. 

Image Framing Systems.  
The conventional cine-camera by careful design has been 

developed to take up to 1000 pictures per second. Rotating 
prism cine-cameras can be obtained commercially (eg. 
Wollensak, Beckman &Whitley, Mitchell etc.) which take up to 
20,000 pictures per second. At speeds in excess of 15,000 
pictures per second the quantity of film required and the 
accelerations involved in transporting it through the 
camera gate become prohibitive. 

A solution is to mount the film inside a rotatable 
drum. A sophisticated version of this type of camera is 
described by Greer(5)  , in which 10, pictures per second can 
be recorded. 

The rotating mirror camera provides the most rapid 
mechanical camera techniques and is usually used for rates 
between 105  and 107  pictures per second. The number of 
pictures in a series is typically between 30 and 300, 
normally being least at the higher rates. The effective 
aperture is normally between f/16 and f/32 although f/4(6)  

has been achieved. Coleman(2)  gives an excellent account 

of the present situation in the rotating mirror camera 

field. 

Streak or Smear) Cameras. 
The rotating drum and rotating mirror cameras may also 

be used for streak photography. A streak or smear camera 
records the changes of light intensity along a line as a 
function of time (as contrasted with intermittent recording 
in a framing camera). Liddiard & Drimmer(7)  review the 
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present situation. An f/2.9 system using lenses has been 

reported by Brauer and Hansen. A streak camera using 

only mirrors (and hence useful in the ultra violet region 

of the spectrum) and having an f /1 aperture is described 

by Dyson et al(8). 

Magneto-optic Shutters.  

The plane of polarization of a begm of light is 

rotated through an angle Ain passing through a suitable 
material immersed in a magnetic field H, an effect first 

recorded by Faraday(9). 
Now 	X.= E) Hl cos q, where C  is the Verdet constant 

for the material, 1 is the length of the path of the beam 
in the material and & is the angle between the direction 
of the magnetic field and the direction of the light 

beam. The largest value obtainable for Q is approx. 

0.1 minutes of arc, oersted-1, cm 1. The high magnetic 

fields required to produce sufficient rotation of the 

plane of polarization to use the effect for an optical 
shutter generally limit the use of 'the effect Ito exposure 

times of a few peec or longer. Edgerton and Germehausefi10)  

by careful design have obtained exposure times as brief 

as one }.sec. Courtney-Pratt(la) proposes using the 

technique in conjunction with an assembly of glass fibres, 

each of which is wound with its own small coil. By 

connecting the coils in parallel the total inductance can 
be reduced and the shutter speed correspondingly shortened. 

A very thorough investigation into the use of the Faraday 

shutter by Weedon(13)  has shown that the shortest 

achievable shutter times are in the region of a hundred 

'asec. 
One other form of magneto-optic effect has been used 

to provide a capping shutter of large aperture (75 mm ) 

and closing times of approx. 75 peec. (The effect is 
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strictly speaking not magneto-optic, but the term can be 

loosely applied). A sheet of aluminium foil is folded 
into a tube and positioned in front of the optical system 

so that the light path is not obstructed. If a condenser 
is discharged through a coil around this tube, the tube 

contracts upon itself at the halfway position, thus 

forming a diaphragm and closing the tube(13) 

Kerr Cell Shutters. 

A Kerr cell consists of two electrical condenser 

plates immersed in a liquid such as nitrobenzene, placed 
between a polarizer and analyzer 'crossed' so as to give 

extinction when the cell is not active. The light beam 

passes through the cell in a direction parallel to the 

condenser plates. When a large potential difference 

(approx. 5CkV is typical) is established between the 

condenser plates, the electric field causes the liquid to 
behave optically like a uniaxial crystal with its optical 
axis parallel to the field direction. When the cell is 

oriented at 45°  degrees to the plane of polarization of 

the polarizer, the incident plane vibrations from the 

polarizer are broken up into two equal components that 

are parallel and perpendicular to the electric field. 

These travel through the cell with different speeds so 

that a phase difference is introduced and the light 

emerges elliptically polarized from the cell. The 
appropriate component of this light is then transmitted by 

the analyzer. 
The transmission characteristic with electric field 

for the Kerr Cell is 

T = Tvsin2rT/2(v/V)2, where V is the potential 

required to open the cell to full transmission, Tv, and 

v is the potential giving rise to transmission T. 

For submicrosecond photography the Kerr cell has 
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been used extensively. Numerous papers are available 

describing various experimental techniques for building and 
using the Kerr cell. 

Outstanding amongst the published literature include 
Blanchet(14) who has investigated various liquids and 
techniques for producing nanosecond exposures. Erez and 

Eylon(15)  produced a multiple Kerr cell camera in which 
four cells are used. Each cell shares the same objective . 
lens, thus overcoming the normal criticism against 
Cranz-Schardin photography(16) that each cell views the 

event from a different view point. Barnsley (17)  has 

developed a twelve channel Kerr cell camera. 

A framing camera using only one Kerr cell and an 
optical time delay tank has been used successfully by 
Goss (18).  In this camera the event is viewed by six 

objective lenses. The light from successive lenses is 

reflected back and forth over an extra double transit in 

an optical time delay tank. Exposures down to 5 sec with 

interframe times of 15 hsec were achieved. 

Coaxial Kerr cells have been used by many authors to 

achieve the best performance at the shortest shutter speeds, 

typical of the work done is a paper by Liebing and 

Frungel(19) 

TV Cameras. 
Saxe and Prime(20)  suggested using a television camera 

for high speed photography. Prime and Turnopk121)  

investigated the possibility of using the Emitron camera. 
The results were not very promising, it was not possible to 

completely turn off the tube with the control electrode 
and the image stored on the mosaic tended to spread. The 

authors have suggested the image orthicon would probably 
be more suitable. 
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Devaux(22) found that owing to the excessive inertia 
of the sensitive layer it was not possible to use the 
Yldicon tube as a high speed shutter. 

Very recently Hopmann(23) has reported using an image 
orthicon at exposure times down to lOnsec. He reports over 
300 television lines resolution at these short exposures. 

Photoelectric devices used in High Speed Photography. 
Courtney-Pratt in 1949(24)  proposed using the infra-

red image convertors, developed during the war, as shutters 
for high speed photography. He did a considerable amount 
of work using the German A.E.G. Bildwand)er tube(25), an 

electrostatically focused image convertor. This focused 
tube proved useful as a high speed shutter, having a control 
electrode at fairly low potential for switching, whilst 
using a high voltage on the output phosphor to produce a 
bright image. Using this tube Courtney-Pratt demonstrated 
the three basic aspects of modern high speed photography 
single shot, multiple frame and streak photography(26) 

The image convertor type IP25 developed in America by 
R.C.A(27)  was used stroboscopically by Markstein( 	to 28) 

observe periodic flow disturbances in the infra-red 
radiation from flame gases. Hogan, using the IP25 reached 
exposure times of two }sec in 1951(29) 

Modern developments in electronics have resulted in 
the commercial firm of Beckman & Whitley using an image 
convertor diode similar to the tube CV144 developed by 
E.M.I.(30). In this device the photocathode and output 
phosphor are separated by approx. 5mm and an anode 
potential of lacy is used to provide 'proximity' focusing. 
By gating the anode potential the tube can be used as a 
light shutter. Exposure times down to 5 nsec are claimed 
by Beckman & Whitley, A complete camera system can be 
purchased. 
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The first image tubes designed specifically for high 

speed photography were the ME1200 and ME1201 range 

introduced by Mullard Ltd. in 1951(31) (32) 

The tube consisted of a photocathode (25 mm. in diameter) 
a cylindrical accelerating electrode and an output 
phosphor screen. A choice of photocathode and phosphor 

materials was available. Under normal operating conditions 

the cylinder was held at 3 kV and the anode at 6 kV. The 
resolution in the output image was 25 1p/mm. 

Numerous groups have published work using the ME1200 

and ME1201, a selection of typical papers include 

Richards(33)  who developed electronics to use the 
tube as a single shot device, multiple frame camera and 

streak camera. 

Courtney-Pratt(25) achieved streak photography at 

60 mm/psec. 
Gibson et al(34)  used coaxial pulse shaping techniques 

and gated the tube on at 14 kV for 10Onsec. 
Saxe and Chippendale(35)  developed a special version 

of the tube in which it formed part of a 13A-coaxial line. 

Exposure times down to 7nseo. were reached using this 
technique. 

Grover(36)  and Curzon(37)  preferred to operate the 
tube as a diode with -he cylinder and anode coupled 

together. This mode of operation was claimed to reduce 

image blurring and rotation. Exposures were made at 

lOnsec. 
King and Hett(38) have used the ME1200 as a framing 

camera at rates between 2.104  and 2.106  pictures per 

second with between 4 and 8 images in each display. 

American Work at R.C.A. 

Linden and Snell(39)  derived the theoretical 

conditions for focusing electrostatic and electromagnetic 
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image intensifiers of triode construction. Stoudenheimer 

and Moor at R.C.A.(40) applied these conditions to the 

design of an image convertor for use as a shutter. The 

tube has two focusing grids and two deflecting electrodes. 

A resolution of 22 1p/mm. was achieved using an overall 

voltage of 15 kV. Exposures down to lOnsec, were 

achieved. This tube has been incorporated into at least 

one camera (Space Technology Laboratories) and is all 

electrostatic. Stkeak and discrete frame photography can 

easily be performed but the available field is quite small 

so that only three satisfactory pictures are obtainable. 

The duration of the streak record can be from 5Onseo upwards. 
A magnetically focused tube with a mesh gating grid 

and a special 'neck' to accomodate deflection coils has 

been shown to give reasonable pictures by Reed and Niklas(41) 

Russian Work in High Speed Photography. 
The Russian contemporary of the ME1201 is the PI01, 

an all electrostatic tube bearing some resemblance to the 
German A.E.G. It was used by Zavoisky in 1949, although 

no attempt to use magnetic deflection appears to have been 

made. Up to 20 kV has been used for the tube, and shutter 

speeds down to 100 nsec were claimed. 

Butslov et aL(42) describe, in a long and detailed 

article, work performed in high speed recording with a number 

of tubes, all having deflector plates for time resolution. 

The tubes of type PIM3 and PIM4 incorporated a new type of 

shutter. The electron beam from the photocathode is 

deflected across a small rectangular aperture in a flat 

plate to obtain a short time resolution. A second pair of 

deflecting plates placed just after the aperture having 

a deflection sensitivity equal and opposite to the first 

pair, ensures image immobility during the exposure. Two 
pairs of oscilloscope deflecting plates, oriented at right 
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angles to each other, are incorporated to deflect the 

image to any part of the output screen. Screening plates 

are placed between the deflecting plates to avoid 
interaction between them. The PIM4 tube is a larger 
(14 cm output screen) and more sensitive version of PIM3. 

The geometrical resolution of 60-70 lines/mm 

(translated as "strokes/mm" from the Russian, and probably 

means 1p/Mm) in the centre of the output phosphor falls 

of to 60% of this value at the edge. The fastest shutter 
speed obtainable in the early work was lOnsec. Komelkov 
et al. have developed electronic circuitry which applies 

multistep deflecting pulses to the horizontal and vertical 

oscilloscope type deflection plates. The number of frames 

in a row and the number of rows was determined by the 

number of steps in the deflecting pulses. Exposures were 

made at the moment the image stopped. Up to 5.106 frames 

per second was achieved, with exposures down to 50 nsec. 

Nesterikhin and Komelkov(43)  have achieved better time 

resolution and larger frames by taking consecutive single 

pictures on separate tubes. Up to 3.107  frames per second 

with exposure times down to 15 nsec were achieved. 

Zavoisky and Fanchenko(45) have measured time 

differences of less than one nsec by sweeping the image 
in a PIM3 tube round in a circle, using suitably phased 

sinewaves on the deflection plates. The event to be 

studied was selected with the shutter plates. They 
estimate the minimum time resolvable using these techniques 

is approx. 10-14sec. 
More recent work by Zavoisky, Butslov et al.(46) has 

been concentrated on the type 95 time resolving image 
intensifier. This tube has two cascade intensifying screens 

added to, basically, a PIM3 first stage. The tube has been 



10. 

found particularly useful for the resolution of short time 

intervals. The deflection and shutter fields are applied 

sinusoidally to shorten the fully open time with minimum 

trouble from inductance. The image is again swept in a 

circle. By this means the difference between times of 

occurence of two small sparks can be measured to an 
— 10 accuracy of 10 	sec. 

High Speed Photography in England. 
Mandel(45) developed an image convertor tube 

incorporating a pair of meshes. The gating mesh, 
immediately in front of the photocathode, is screenedfrom 
the high electric field in the rest of the tube by the 
second mesh. A voltage swing of less than 10 volts is 

sufficient to control the photoelectrons. Wilcock and 

Mandel(48)  incorporated this gating technique into a 

transmitted secondary electron (T.S.E) image intensifier 

tube. 
Ruggles and Slark(49)  have used a T.S.E. intensifier 

with a grid in contact with the front window of the tube. 

The capacitative coupling between this grid and the 

photocathode enable the tube to be switched in one p.sec. 

despite the high impedance of the photocathode. 

Work on the Russian PIM3 type of shuttering system 
has been done by Walters(50), time resolution down to insec 

in the streaking mode is claimed. No intensification was 

incorporated in the tube. Huston(51) has proposed a tube 

using the PIM3 shuttering technique in conjunction with 

Simonov and Kutukov(47) describe the use of a 

modification of this tube to obtain a series of from 6 to 

15 discrete frames at rates changing from 106 to 108 

frames per second with exposure times down to 5 nsec. The 
intensifier section of the tube provided a 'light gain' of 

8000. 
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an image intensifier system as described by Chippendale(52) 

The intensifier proposed uses bombardment induced 

conductivity in a thin layer of selenium, as suggested by 

Haine„(53)* The intensifier consists of a self supporting 
selenium layer on which was evaporated an aluminium signal 
plate, an electron gun provided a scanning beam for the 

target. The electron image was focused on to the target 

and arrived with sufficient energy to penetrate the signal 

plate and produce bombardment induced conductivity in 

the selenium layer. The charge stored at the target, which 
was many times greater than the primary photoelectron 
charge, was scanned by the reading section of the tube. 

The tube output was developed across a load resistor and 
could be recorded by normal television techniques. 

Image dissection. 

The tecknique of image dissection has been investigated 
by many authors. Adjacent parts of the same picture are 
not recorded contiguously, so that corresponding parts of 

subsequent pictures can be placed between them. The 

composite record has to be reconstituted to yield the time 

varying original. 

dissection include 
pictures at a rate 

The earliest references to image 

work by Tuttle(54)  who produced 200 

of 2.105/sec. 019rien and Milne(55) 

used 30 individual lens trains and mounted the film on a 

rotating drum. Up to approx. 107  p.p.s with 48 lines 

across each frame were recorded. Sultanoff in 1950(56) 

used a ruled plate and swept it over the film with an optical 

system to increase the speed of the system to 108 fps.. 

A series of image dissection systems has been produced 

at the Leningrad Institute of cinematographic Engineers and 
a lenticular plate camera RKS1 capable of 108 fps has been 

described by Provornov and Grebennikov(57). In the RKS1 

camera the image of the event is formed on a lenticular 
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screen which transforms the image into an array of dots. 

This array is then focused, through a lens and rotating 

mirror, on to the photographic plate. In the RKS1 there 
are two mirrors, moving in the opposite sense, and the 
copying lens lies between them. 

Lunn(57)used" a special version of ME1200 in which 
the photocathode was prepared in the form of a mosaic, 
image deflection across the output screen being accomplished 
with magnetic deflection coils. Courtney-Pratt suggested that 

the efficiency of the system could be improved by using a 

lenticular plate to minimise the light lost between the 

photoemissive elements in the photocathode mosaic. 

Fibre optic techniques lend themselves naturally to 

image dissection and a considerable amount of work has been 

done in this field e.g. Courtney-Pratt(5g) (60) and Young 

and Steele(61) 



CHAPTER 2 
	 13. 

Attempting to achieve exposure times shorter than 

10Onsec introduces a new and fundamental problem into high 

speed photographic techniques. Synchronisation of the 

camera to the event is always an important consideration, 
however with exposure times less than 10Onsec even an 

electronic shutter has too much "inertia" in the firing 

electronics to permit a straightforward solution. Allowing 

the camera to trigger the event is the simplest solution to 

the problem. In this case the ultimate accuracy is limited 

by jitter in the timing although synchronisation problems 

are avoided. However in many cases it is not possible to 
use this technique. If the event to be studied is either 

random or has jitter associated with it, then nanosecond 

photography is not possible without using some form of 
image store. Storing the transient event allows time for 
electronic circuits to select the portion required to be 
recorded. 

For time—resolution of approx. Ipsec Condon (62) 

- 	-- has stored the information on a phosphor 

screen in an image intensifier. Using a P.15 phosphor 

screen with a decay time of the fluorescent image of 
approx. 4.1sec to 10% of its maximum value it is possible 

to distinguish individual nuclear particle tracks in a 

plastic scintillator at rates of up to 105  particles per 

second. Phosphor materials with faster decay do exist 

(e.g. P.16 phosphor has a decay time of less than 10Onsec), 

but they do not improve the time resolution in the system —

on the contrary the finite time required by the selection 
electronics (approx. 10Onsec) would mean that the 

information would have largely decayed away before it 

could be selected and recorded. 
An optical delay line offers a solution to the problem. 
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In this system the optical information is stored by 

allowing it to travel over a long optical path. If the 

path is in air the storage time would correspond to approx. 
3nsec per metre. Although cumbersome the ultimate time 
resolution is easily better than one nsec and thus 

considerably shorter than 

phosphor stores. However 

and hence the low optical 

impracticable if very low 

investigated. 
The possibility of using electron transit—time storage 

has been considered by Hill(63)  . He proposed an image 

intensifier designed for low velocity electrons, fig. 2,1. 

Photoelectrons are accelerated in a uniform electric field 

and confined to follow helices of 0.25mm diameter by an 

axial magnetic field. Shuttering action is accomplished 

after the transit-time delay by a large transverse electric 

field which sweeps out electrons in about 20nsec. Then 

the deflecting field is removed the electrons pass 
undeflected to the output stage. McGee(64)  proposed an 

electron image delay tube, fig. 2,2 in which an electron 
image is accelerated to 300 volts and is allowed to drift 

down a field free, equipotential region, held at 300 volts. 

Again a strong magnetic field is used to provide 'brute 
force' focusing by constraining the electrons to tight 
helical paths. At the end of the equipotential section 
the electrons are decelerated to approach the gating mesh 

with low energy. If the gating mesh is negative electrons 

will be reflected and returned down the equipotential 

section. However)if the mesh is electrically pulsed 

positive electronswill pass through. 	If the tube 

length is approx. 100 cm and the equipotential section is 

can be achieved by the use of 

the very poor f/nos. possible, 

efficiency makes the technique 
intensity events are being 
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maintained at 300 volts the transit-time of an electron 

is approx. 10Onsec. 
This thesis is concerned with assessing the theoretical 

performance of an electron transit-tine imagc store ancl'et4a/larirg 
it with results achieved in tubes built incorporating the 
store. 

The tubes developed by the author and his colleagues 

incorporated a cascade image intensifier in the same glass 

envelope as the storage section. The intensifer used was 

an adaptation of the tube developed by McGee et. al. at 
Imperial College(65) 

The transit-time delay of the electron image between 

the photocathode and the second mesh is a function of the 

tube dimensions and the potentials applied to the electrodes. 

The tubes developed during the course of this work had an 
equipotential section 50 cm long, designed to introduce 
approx. 10Onsec delay when held at a potential of 100 volts. 

This would be gaificient time for an electronic circuit to 

select an event from the stored electron image, and to gate 

it through mesh 2 with a suitably timed pulse. Using the 

legend in fig. 2,4 the transit-time of an electron emitted 
from the photocathode with zero energy is due to three 

parts, 
(1) between the photocathode and the drift section, 

d1+d2) 
(11) in the drift section, d3)  

(111) between the drift section and the second mesh, 

d4. 
If the second mesh is at 0 volts the transit-time 

T=1/(((2e/M)V2 )(2(di+d2)+d3+d4) 	(1) 

The delay section geometry was standardized at the values 

d1+d2 = 5 cm ; d
3 
= 60 cm ; d

4 
= 3 cm for the early 
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tubes. Thus the transit-time of an electron between the 

photocathode and the second mesh is given by 

T = 1100/V22nsec. 
If the second mesh is held negative with respect to 

the photocathode an electron image will be reflected, and 

returned down the delay section. Switching the first mesh 

negative before the electrons return to it will cause the 
electron image to again be reflected, and thus forced to 

oscillate back and forth along the delay section. 
If a perfect system is considered, in which the 

residual gas pressure is zero and an ideal tube is perfectly 

aligned in a homogeneous magnetic field, then an electron 

image will oscillate over a large number of cycles. The 

fundamental limit to the total storage time using this 

technique is due to the 'finite range of emission energies 
and hence velocities of the photoelectrons. More energetic 
electrons will travel faster than their neighbours with 

low emission energy and tend to get out of step. This 

effect gives rise to a "time-dispersion" in the electron 

image. The time-dispersion accumulated can be estimated 

if a simplified model of the system is considered. 
The problem resolves into two parts, to determine the 

time-dispersion in the first transit and in the nth 

transit (n-,  1). The first transit has to be considered 

separately as the initial part of the electron motion, in 

leaving the photocathode, is not repeated when the 

oscillating condition is set up. The potential 
distribution in the delay section is shown, simplified 

for the calculation, in fig. 2,4. 
Consider two electrons which leave the photocathode 

at the same time. Let the first have an axial emission 

energy .v1  and the second , vi electron volts, where 

< v2. The small case for vl  and v2  is being used to 

define veItocm potential in this case. to avoid confusion 
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with V1'V2 etc. which refer to potentials applied to 
electrodes in the tube. 

Consider the electron motion between the cathode and 
the first mesh, at potential V1  and spaced by d1. 

The transit-time for the first electron is given by 

final velocity-initial velocity 
tl  = 

   

acceleration 
(2e/m)2  ((V1+v1 	- v12) 

(1) 
(e/m) (VI/di) 

Substitution of v2 for v1  gives the transit-time for 
the second electron. 

Hence the difference in transit-times for the two 
electrons in moving between the cathode and the first mesh 
is 

'.:)-b1=(2m/e)2(d1/V1) ((V1+v1)2-(V1-1-v2)2-(v1l'-v2I)) 	(2) 

The transit-time for the first electron between the 
first mesh aid the equipotential section, at potential V2  

and spaced by a distance d2  is 

a 	a 
(2e/M)2( (V24-v1)2-(V1+v1)2) 

t2 = 

 

(e/th) (V2-V1)/d2  

Substitution of v2 for v1 gives the transit-time for 

the second electron. 
Hence the difference in transit-times for the two 

electrons in moving between the first mesh and the 
equipotential section is 

a 	a 	1, 
St2=(2m/e)2  d2/(V2-V1) OV2+v1)2-(V2+v2)2-(V1+v1)2+(Vi+v2)2h 

(3) 
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Substitution of V2 = V1 and V3 V2 gives the difference 

in transit-times, St4, for the two electrons moving between 
the ends of the equipotential section and the second mesh, 
a distance d4, 

6t4=(2m/e)i-(d.4/(V3  -V2  )) (V3  +v )2-(V3+v2)i-(V2+vi)2+(a+v2) ) 
(4) 

In the equipotential section, length d3, the transit-time 
for the first electron is given by 

t3  = d3/ ((2e/m)(V2+v1)) 

Substitution. of v2 for v1  gives the transit-time for the 
second electron. Hence the difference in transit-times in 
the equipotential section is 

1 	-2 
t
3 	2(2m/e)2d3 ((V2+v1) -(V2  +v1  ) ) ' (5) 

All the components contributing to time dispersion i.e. 
't1, Sit2'  8t3  and &b4  are positive if v1 	v2  (vrul\/.6  • --  

With  the normal values for the dimensions, 
di  = 0.5cm 
d2 = 5cm 
d3  = 50cm 
d4 	

3cm , the most significant contribution 
to the time dispersion is that introduced between the 
cathode and the first mesh, :;ti. Experimental curves for 
photoelectron energy distributiOn (see chapter 7) indicate 
that about 90 of the photoelectrons, using red light, 
have an axial energy between 0.2 and 0.6 eV. Using these 
values for v1 and v2 the time-dispersion expected in the 
device is shown in nsec in fig. 2,5. 
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vmeshl 

Vdrift 

1 6 10 20 30 Total transit-
time 

100 3.097 0.985 0.707 0.471 0.390 100 

300 2.795 0.780 0.520 0.303 0.223 60 

500 2.739 0.744 0.495 0.275 0.197 45 

1000 2.699 0.710 0.466 0.266 0.179 30 

Fig. 2,5 

Clearly Vmeshl  is the most important parameter in 

limiting time-dispersion in a stored electron image. 

When the electron image is oscillating back and forth 

the time-dispersion accrued on any one transit will be less 

than that on the first. This effect can be seen 
qualitatively by considering the two electrons in the drift 

section with evi  and ev2  electron volts energy, vl  v2. 

In travelling down the drift section the slower electron 

will take longer to reach the far end. In the retarding 

field in the region d2  or d4, since the meshes are held 

negative, both electrons will be stopped before returning 
along their original paths. However, the second aster 
electron will travel further up the potential hill towards 

the mesh and will in fact spend longer in this region than 

the firstolower)electron. In this way the time dispersion. 
tends to be compensated. 

The time required to bring the first electron to rest, 

from an energy eV2  electron volts if the negative potential 

on mesh 1 (and mesh 2) is -V4 volts is t where 

final velocity - initial velocity 
t = 

	

	  
acceleration 

(2m/e)2d2((0)*-(V2+v1)) 

(V2+V4) 
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Substitution of v2 for v1 gives the transit-time for the 
second electron. 

Hence the difference in transit-times for the two 
electrons is 

1-11t2=(2m/e)2d2((V2-4-v1)2-(V24-v2)2)/(V2+V4)  
Substituting d4  for d2  gives the time-dispersion in 

the region d4. (\ t2  is negative if v1  < v2. 
Thus the total time-dispersion in onci transit when 

the image is oscillating is, from (5) and (6), 

-t=(2m/e)*(d2+d4)((V2+v1)2-(V2+v2)*)/ 

(V2+V4)+(2m/e)1(d3/2)((V2+vi)-2-(V2+v2)-1) 

In all practical cases vl 	v2  4- V2  
V4 	V2  

In this limit 

C---t=(2m/e) 2  d2+d.4  )(V2  ) 2  ( 1-FiVi/V2  )—( 14V2/V2 ) ) 

+( 211Ve ) 2  (
3
/2)(V2)-2( ( 1/V2 ) -( 2/V2) ) 

=(2m/e)2(d2+d4)(V)4(vi-v2)/V2) 

+(2m/e)1(d3/2)(V)-4(v2-v1)/V2  	 (7) 

The condition for no extra time-dispersion in the 
oscillating image is 	= 0 

i.e 	(d2+d4) = d3/2 	 (8) 

The time-dispersion in an oscillating image for the tube 
dimensions indicated earlier are shown in the table 
fig. 2,6. 
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VD(volts) t(nsec) 

100 0.098 

300 0.018 

500 0.008 

1000 0.002 

Time—dispersion accrued on one transit 

in an oscillating image for the early tubes. 

FIG. 2,6 

If optical information is allowed into the tube for 

a short period of time it may then be stored by allowing 

it to oscillate back and forth in the storage section. 	If 

at each approach to the second electron, gate a-short,pggitiVe 

electrical pulse is applied to the gate partof the stored 

information will be allowed through. In this way the 

original event may be analysed by separating it into a 

series of 'frames' as is done in a cine camera. By allowing 

the information to complete one double transit of the tube 

before taking the next sample, the time between sampling 

pulses will be (2T+t) where T is the transit time and t the 

real time between exposures of the original event. For 

example if a series of frames is required at intervals of 

5 nsec, then with a potential of 100V on the drift section 

the time between pulses to the second gate would be 205 nsec. 

Thus it is possible to record at los frames per second with 
pulse repetition rates of less than 107 per second. The 

problem of separating the frames spatially is eased by the 

same factor. 

The simplest technique proposed for separating the 

sampled frames uses a d..6. electric field, applied across 



the drift section. A pair of metal deflecting plates 

inside the tube produce an electric field perpendicular to 

the axial magnetic field. The circular cross section of 

the tube makes it impracticable to use flat metal plates. 

The arrangement shown in fig. 2,7 was used to give a uniform 

electric field across 4 cm diameter at the centre of the 

tube (see dotted circle). An electron ima#e moving down 

the drift section will experience a deflecting force in 

the region of the transverse electric field. It is shown 

in the next section that the direction of this deflection 

is mutually perpendicular to both the axial magnetic field 
and the transverse electric field. It is further shown 
that any component of electron velocity parallel to the 

magnetic field does not affect the direction of the 

deflection. Thus if an electron image is oscillating back 

and forth along the drift section it will be deflected, 
cumulatively, on each passage through the deflection region, 
fig. 2,8. In this manner at each approach to the second 

mesh it can be arranged that the electron image be 

displaced sufficiently from the previous sample to appear 
as a separate picture on the output screen. 

Analysis of the deflection system:- 
In the deflection system used in the tube the 

deflecting electric field E is perpendicular to the axial 

magnetic field B. 

The Lorentz force acting on an electron is 

F 	-e(E + u 1\ B) 	(1) 

where u is the electron velocity. Thus any electron 

velocity component parallel to B is not affected by either 

E or B and for this analysis need not be considered. 
If the initial velocity of the electron, u, in a plane 
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perpendicular to the magnetic field, is considered in two 

parts such that 

u = u + u a 	—2 

Neglecting any radial electron velocity due to radial 

components of emission energy (less than leV) 

= ul  + u2  = 0 
	

(3) 

in this case. 

Thus from (1) 

F = —e(E + ui f\ B + u2(\ B). 

If u is chosen such that the forces due to E and B 

are balanced to zero, i.e. 

E + ulf\ B = 0 	(4) 

then 	F = —e u2  B 	(5) 

The component of electron velocity u2  , is unaffected by 

the electric field E and gives rise to a circular electron 

motion according to (5). 

Thus the resultant electron motion in the deflection 

system consists of two parts. 

(a) ul 	a steady drift velocity in the 

direction E (\13 with a magnitude 

E/B from (4) 

(b) —2 	a rotation about the magnetic field. 

Thus the ratio of transverse electric field and axial 

magnetic field defina3the deflection velocity of the electrons. 

The image displacement produced depends on the time for 

which the deflection velocity operates. Thus the deflection 

depends on 

(a) E/B 

(b) the length of the deflection region 

(c) the transit time of an electron through the 

deflection region. 

(2) 
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Both (a) and (b) are fixed parameters in a particular 

experiment. However the deflection system used introduces 

a transverse electric field, and hence a potential 

difference across the image. The electron velocity will 

thus not be constant across the image and hence the transit-

time through the deflection region will also vary. 

A transit-time variation for different parts of the 

image means 

(a) Temporal resolution is lost since different 

parts of the image spend different times in 

the deflection region. 

(b) The image is sheared since different parts 

of the image spend different times in the 

deflection region and hence undergo 

different displacements. 

Yet another distortion arises due to the crowding of 

equipotentials at each end of the deflection system, which 

in conjunction with the axial magnetic field and the 

cylindrical symmetry in the device tends to rotate the 

image. 

The transit time of an electron with energy eV electron 

volts through the deflection system, length L is: 

L/(2e/m)(V)*  

Since the deflection velocity is 

u = E/B 

the electron displacement perpendicular to B is 

D = (E/B)L/(2e/m)2(V)2 	(6) 

When the steady deflecting field is applied across 

the drift section a displacement of 0.35 cm per transit 

will, after each double. transit, displace the image through 
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E = ((D.B)pJ)((2e/m)1A 
=12.5V2 V/cm. 

With a mean electron energy in the image of 300 e-volts, 
then the deflecting field required is 

E = 220 V/cm. 
A field of 220 V/cm would give the top of the image, 

0.7 cm in diameter, an energy of 

(300 + 0.35.220)eV 

i.e. 377 eV 
and the bottom of the image 

(300 - 0.35.220) eV 

i.e. 223 eV 
This energy difference would produce a difference in 

transit-time, per transit of 
1 

(L/(2e/in)2)(1/ 	- 1/ Y-377.) 

= 1.1 nsec. 

Thus it is just possible to record 5 frames at upto 108 

frames per second using this technique witiout sacrificing 

temporal resolution. 

To record information at rates up to 109 frames per 

second other techniquL.s for spatially separating the 

information are required. The simplest solution is to 
place the deflection plates after the storage section, see 
fig. 2,9. Each sampled piece of information after passing 

through the second electron gate enters the deflection 

region. A bias on the plates is used to deflect the first 

image to the top of the screen. Before the second image 
passes through, the deflecting field has been changed 

0.7 cm. With deflection plates 5 cm long and a magnetic 

field of 300 gauss the deflection field required is, from 

(6) 
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sufficiently to separate the two images. In this way a 

series of separate images can be displayed on the output 

screen corresponding to frame rates up to approx. 109  

frames per second. The time-dispersion in each electron 

image, introduced in the deflection region is no longer 

important since the sampled pieces of information already 

contain all the temporal information. 

The field in the deflection region has to increase 

sufficiently in one double transit time to separate the 

successive frames by about 7; n:1... With a drift potential 

of 100 volts the double transit time is 200 nsec. Thus in 
200 nsec. the image deflection required is 7 nn. . With 
deflection plates 5 cm long and a mean electron energy 

in the deflection region of 300 volts the transit-time 
through the deflection region is approx. 5 nsec. 

If the sampled section of the electron image is of 
one nanosecond duration, then the latter part of the 
electron image experiences a higher deflecting field than 
the front portion. The difference in deflections would 
be in the ratio of 1 nanosecond to 200 nanosecond, as 

compared to the 7 mm separation between images. Thus the 
image defocusing is 

(7.10-1/200) cm 

i. 	0.035 mm. 

Hence 10 lam is a practical resolution to maintain. 

If better resolution is required, especially for 

exposure times of more than one nanosecond, it becomes 

desirable to replace the ramp waveform on the deflection 
plates with a stepped waveform. A system of mismatched 

coaxial lines can be used for this purpose, as reported by 

the Russian workers, Komelkov et. al(69). In this system 

the deflecting field is held constant for the time in 

which the electron image is in the deflection region. 
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Optical resolution in the device:- 

The resolution to be expected at the output screen 

of the device depends on the performance of both the storage 

section and the cascade intensifier. Conventional loop 

focusing is used in the intensifier and the resolution to be 
expected has been dealt with theoretically by Beurle(66).  

In the storage section the resolution to be expected 

is difficult to predict. The diameter of the helix 

covered by any particular electron depends on the radial 

energy component of the electron. If the energy 
distribution of the photoelectrons together with the 
angular distribution (normal to the photocathode surface) 
were known the intensity distribution at the output 

corresponding to a point source at the input could be 

calculated. In this way the resolution to be expected from 
the device could be determined. However neither of these 

distributions can be predicted accurately for a photocathode 
in a tube. Recent (unpublished) work by Burns in America 
indicates that the angular distribution is not Lambertian 

but has a strong bias in the normal direction. 

A crude estimate as to the worst possible resolution 

can be made however. If the maximum emission energy is 

assumed to be VR and that every electron has this emission 

energy as radial. energy then the diameter of the electron 

helix in a magnetic field of B_Wbm 2_____ 

D = (2/B)(2m/o)(VR) 
Putting B = 0.05 Wbm 2  (= 500 gauss) 

VR = 1 volt 

D = 0.133 mm 
If two helices are just resolved when spaced by one 

diameter, then at 0.05 Wb/M2 the resolution to be expected 
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would be 7.5 1p/mm. 

This can only be considered as an estimate of the 

order of magnitude to be expected, in a practical device 

the resolution should be better than this'worst possible' 

case. 
In a practical device the resolution at the output 

depends not only on the storage section but also on the 

cascade intensifier incorporated in the tube. Using fine 
grain phosphor screens and micas approx. 41/ thick for the 

intensifying sandwiches McGee et. al. report image 
resolution better than 30 lgram 1  in ttraight -forwqd 

cascade image intensifiers
(65)

. Since the same screens 

and micas are used in the cascade intensifying section of 
the latest transit-time storage tubes the resolution to be 

expected from this section of the device (when properly 
loop focused) can be predicted to be about 30 1pimm 

Hence for magnetic fields up to 1 kilogauss the 

overall resolution should not be limited by the intensifying 

section of the tube. 

Pressure requirements in the storage section. 
If an electron has a collision in the delay section it 

will lose energy. Fano has pointed out that the most 

probable energy loss is approx. 30 eV (67),  and if a gating 

pulse of only 10 volts is used at the second mesh any 

electrons involved in a collision can be considered as 

lost. 
The probability of an electron travelling a distance 

x without having a collision is 

P( x ) = exp( -)Ote ) . . 	. . ( 1 ) 

The Kinetic Theory of gases gives 

I— = 4/ itnd2  , where n is the number of gas 

molecules/cc and d is the average diameter. Work by 
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Ramsauer has shown )\e  to be dependant on the electron 

energy for energies below a few hundred volts, the simple 

kinetic theory values being increased by quite large 
factors (upto approx. 10). For this estimation the 

'Ramsatew effect' will be neglected. 

At a pressure P 

n  = (no/Po)P  7 
where subscript c  

refers to N.T.P. 

Thus • = (4/iCa2 )(PAno ) 

The length of path travelled by the electron is not 

simply the geometrical length of the delay section, but 

because of the helix performed by the electron it will 

travel further. It can be shown that this extra length 

is of the order of 1% or 2% (68), and for this estimation 

will be neglected. 

From (1) 	x = A elogeP(x)-1  

Under most working conditions a loss of information of 

approx. 10% could be tolerated. 

Thus P(x) = 0.9 

2.64x10-3  
Hence 	x - 	p 	cm, where P is in torr. 

A single transit of the delay section is approx. 60 cm, 
thus for n transits 

	

	 • 

x = n 60 cm. 

Hence n = (4.4x10-5)/P transits, for a 10% loss of 

information. 
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P 
torr 

n 
number of 
transits 

storage time 
pees 

4.4.10-5  1 0.1 
4.4.10-6 10 1.0 
4.4.10-7 100 10 
1.0.10 7  450 45 
4.4.10-8 1000 100  
1.0.10 8 4500 450 
4.4.10-9 10,000 1,000 

1.0.10-9 45,000 4,500 

Fig. 2,9 

Slow speed performance. 
The ETTEI

* 
is not limited in performance to very high 

speed working. In the microsecond, and longer, region the 
tube can be used as a straightforward gated image 
intensifier. The storage facility used to synchronize 
to very high speed events is no longer required; electronic 
circuits can easily be designed to produce a command 
pulse in a microsecond or longer. If the second gate is 
held open all the time the tube can be turned on and off 
by the first gate. Framing can now be accomplished by 
changing the potential on the deflection plates between 
the gating pulses applied to the first gate. 

* ETTII will be used in this thesis to refer to the 
'electron transit-time image intensifier. 
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CHAPTER 3. 
To fully exploit the potentialities of the electron 

transit—time image intensifier, a considerable amount of 
electronic circuit techniques appropriate for the nanosecond 
region were developed. Basically the problem was to produce 

short duration electrical pulses which could be timed very 

accurately. 
For the early part of the work a commercial pulse 

generator (Nagard, type 5001) was used, however it only 
served to investigate the performance in the microsecond 

region. No commercially available equipment could be 

obtained to investigate the limits to the performance of the 

tube. A substantial part of the work done by the author 

involved the development of electronic circuits, sufficiently 

fast in operation to enable the performance of the device 

to be analysed. 
The basic features of the drift tube are as follows. 

An image incident on the photocathode produces photoelectrons 

which may be allowed through the first electr9kate, then 
sampled at successive approaches to the second gate. Thus 

a gating pulse is required at the first mesh which is of 

sufficient amplitude to allow the photoelectron image 

through. It is clearly desirable to make the pulse amplitude 

on the first mesh as large as possible to minimise time 
dispersion in the electron image (see chapter 2). The 
requirements at the second mesh are more stringent. The 

timing of the delayed pulses must be sufficiently finely 

controlled to measure times down to 100 psec. (1 psec = 10-12  

seconds). The pulse shape requirements will vary with the 

particular problem being investigated. For the photographic 

application a very narrow pulse width is called for, whilst 

in assessing the performance of the device a very fast turn 
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off is important. 
When an electronic circuit is set to produce a time 

delay between two pulses the delay will not be precisely 

known but will fluctuate about a mean value. The 
magnitude of this random fluctuation is the 'jitter' in 

the delay. 	The problem of timing accuracy is twofold. 

Firstly the jitter must be held down to the desired value. 

Secondly the ch,nge in delay with temperature must also 

be maintained within the specified limits. 

The avalanche transistor. 

The avalanche transistor provided the basic element 

in all the circuits used for generating fast pulses. 
Avalanche breakdown in junction transistors was first 

reported by Schenkel and Statz(69) and later explained 

by Ebers and Miller(70) 

Under normal operating conditions the emitter and 

collector currents in a transistor are almost equal. If 

the collector potential is increased above normal 
working values it becomes possible for minority carriers 

passing into the collector-base depletion layer to gain 
sufficient energy to produce electron-hole pairs in collisions 

with the crystal lattice. The collector voltage cannot 

be increased indefinitely, for at a critical value the 

transistor will break down (fig. 3,1). If the collector 
potential is held just at breakdown then any carriers 

injected into the base region will be rapidly 

accelerated down the potential gradient, producing 

avalanche multiplication on collisions with the crystal 

lattice. In tLtis way large current gains can be realised 

extremely quickly. It is this characteristic of 

transistors working in the avalanche mode that is used 

to generate very short current pulses. 
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The fundamental technique used to generate the delayed 

pulses in this work was to reverse bias a transistor and 

then apply a ramp shaped potential waveform to the base 

to switch it on (fig. 3,2). At the cut-off (or turn-on) 

potential the transistor will switch on and produce an 

output pulse. Varying the steady d.c. reverse bias will 
control the time taken for the transistor to each turn-on 

potential and switch on (fig. 3,2). 

The turn-on potential for a transistor is not a 

fixed parameter hut will vary with time, depending on 
the number of minority carriers in the emitter-base 

junction, effectively adding a noise component to the 
turn-on potential. Referring to fig. 3,2 if SV is the 

noise variation in the cut-off voltage, then this will 

produce a variation St in thy: delayed output pulse, where 

St = v/(dv/at) 	(1) 

dV/dt = slope of the firing ramp. 

To keep St small dv/dt should be as large as possible, 
in practice this means making the reverse bias applied 

to.the transistor as largo as possible. Since silicon 

transistors have in general a higher maximum V
ebo 

(reverse base bias) they wore used in the final circuit 

design. It has been reported by Chaplin and Owen(71) 

that the noise in the cut-off potential for transistors 

of the type used by the author is ;S• 1 revolt. Thus for 

the jitter to be 	-:',. 100 psecs, from eqn. (1) 

dV/dt = SIT/ et = 10-3/10-10  = 107  volts/sec 

= 1 volt in 100 nseos. 	(2). 

Chaplin and Owen(71) also report that the cut-off potential 

is temperature dependant and varies in the same way as 
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Fig.3.2 	Illustrating how the noise component in the 
transistor turn-on potential produces jitter in the delay. 
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the forward voltage drop across a p-n junction of the same 

material. 
The ramp used to fire the reverse biased transistor 

is generated by allowing a condenser, C, to charge through 

a resistance, R, towards a high potential, fig. 3,3. Only 

the first part of the exponential charging curve is used 

and the non lineanty introduced is approx. 0.1%. However, 
since the slope is proportional to RC if the value of 

either of these components is temperature depencildat then 

the slope of the ramp and hence the timing of the delayed 

pulse will change with temperature. 

Suppose ckc is the temperature coefficient of the 

condenser and 014. 11  is the temperature coefficient of the 

resistor. 
For a change in temperature of e the value of RC 

will become 
R(14. MR()) C(1+C40()) 

= RC(11-(01.0+ ot2) 9 ) • 

If oc c  = -okiz  then this effect will be compensated. Using 

zero temperature coefficient condenser produced by Erie Ltd. 

and Radiospares Ltd. metal oxide resistors ( oc. -± 100 p.p.m), 

the worst possible temperature coefficient of RC = 100 p.p.m. 

At the maximum reverse bias, giving 200 nsec delay, this 

will introduce a drift with temperature of 

+ 200 (100.10-6) nsec/cC 

+ 20 psec/cC = - 
The metal oxide resistors could be selected for 

minimum temperature coefficient, although in practice this 

did not prove to be necessary. 
It was discovered during the development of the final 

circuit design that the capacitance of the emitter-base 
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junction varied with temperature in the same way as the 

forward voltage. Since the timing capacitor was in 

parallel with the emitter-base capacity, any variation in 
the latter due to changes in temperature would affect the 

slope of the firing ramp and the timing of the delayed 

pulse. 
If the timing of the delayed pulse from the reverse 

biased transistor (T3, fig. 3,3) was tc be independant of 

changes in the ambient temperature, then the reverse bias 

applied to it must vary with temperature to compensate for 

the changes in turn-on potential and emitter-base 

capacitance. Since both these parameters vary in the same 

way as a forward biased p-n junction, compensation could be 

achieved by introducing two further p-n junctions, forward 

biased (Hughes diodes: 1N914A, fig. 3,9). These two 

junctions were se arranged that the changes with temperature 
were of the correct polarity to give the required compensation. 

As explained, the delayed pulse was produced by 
applying a reverse bias to the base of a switching transistor. 

The accuracy and reproducibility of the delay thus depends 

implicitly on the reverse bias. Two commercial power 
supplies (made by A.P.T Ltd. and Ether Ltd.) with very 

high standards of performance with respect to stabilization 

and temperature coefficient of the output potential were 
used in the final circuit design. A resistance chain using 
wire wound resistors and potentiometers was used to derive 

the required bias from the power supply. Wire wound 

components were chosen because of their extremely low 

temperature coefficient, their inductance was of no 

consequence since they were not required to handle any high 
speed transients. 

Having derived the reverse bias it was coupled to the 



Switching 
potential 

-150 V 

potential 

Condenser C charges through resistance. 	R 
towards the -150 volt line, generating the 

potential ramp waveform on the base of 
transistor T3. 

Fig.3.3 	Early type of delay  
generator. 



44. 
switching transistor (T2, fig. 3,9) through an isolating 
emitter follower. The variation in emitter—base voltage 

of this stage was compensated by another forward biased 

p—n junction, a type 0A202 silicon diOde. 
In generating the very short—duration pulses required 

in all the experimental circuits extensive use was made 

of transistors working in the avalanche mode(69)'(70)'(72)'(73)  

The simplicity and very high speed switching that is possible 

with these circuit elements was valuable in the exploitation 

of the transit—time intensifier. 

Many different types of transistors were investigated 

during the development of the circuits, eventually a range 
of pnp and npn types were found which fulfilled the three 

basic requirements: 

(i) reliability 

(ii) sub—nanosecond switching times 

(iii) low cost. 
The transistors used were classified into two divisions: 
low cost, fairly fast switching times, and slightly more 

expensive, faster transistors. The final circuit developed 

made use of both pnp and npn types. 
In the early circuit (fig. 3,3) the delayed pulse 

was generated by reverse biasing an avalanche transistor. 

A potential ramp waveform applied to the base caused 

avalanche breakdown when the bias reached cut—off potential 

(fig. 3,2). This circuit was subsequently found to have 

two inherent faults. Firstly it was very difficult tc 

produce delays below 100 nsec due to stray inductance etc. 

causing the potential ramp waveform to ring. This ringing 

produced jumps in the delay, making it impossible to set 

the delay to certain values (fig. 3,4). Secondly, even 

at longer delays, when the ramp had smoothed out, the 
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which are inaccesible because of 'ringing' 

of the firing ramp. 
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jitter in the timing did not correspond to the theoretically 

predicted value of less than 100 psec and for some 

transistors was as much as two or three nsec. No satisfactory 

explanation was found for the second effect. 

The problem of jitter was overcome by running the 

transistor in a 'half-avalanche - half switching' mode. 

The typical breqkdown potential of the transistors used 

(2N706A) was about 70 volts, compared with 25 volts maximum 

rating allowed by the manufacturers. A high impedance 
40 volt supply was used for the collector (see fig. 3,5), 
the transistor then switched reliably with less jitter than 

could be measured on a Tektronix type 661 oscilloscope 

(less than 50 psec). The switching speed was fast enough 

to drive the next stage - a simple avalanche circuit. 

(T4, fig. 3,9). 
The problem of producing reliable delays of less than 

100 nsec was solved in part by carefully designing the 

critical part of the circuitry to have minimum inductance, 

all physical dimensions being kept as small as possible. 

The residual ringing and step (see fig. 3,4) on the waveform 

were minimized by the inclusion- of the lkil.feedback 

resist,r in the emitter load of the output transistor 

(see fig. 3,5). The phase difference, 6 , which appears 
between the base and emitter when a signal of angular 

frequency CA) is applied to the base is given by 

tan 6 = 1/0JRc 
where C is the capacitance of the timing condenser and R is 

the resistance of the feedback resistor. 
If the phase difference between the signal on the base 

and emitter is zero the nett signal seen by the transistor 
is zero. Thus for large values of (#.3 the transistor sees 
no effective signal whilst for small ki) and hence large G 
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the feedback has no effect. 

For 6) = 109, 108, 107  then 	= 0°, 9.5°, 60°  and 
hence for frequencies below approx. 25 Mc/sec the feedback 

has no effect. The large step and ringing on ramp waveform 

are in this way eliminated. Fig. 3,6 is a photograph showing 
the signal between the base and emitter before and after 
inclusion of the feedback. The residual ringing soon on 
the ramp is mainly due to inductive earth loops in the 

oscilloscope probes. The delay circuit performance is 
shown in fig. 3,7. 

The complete circuit diagraa of the delayed pulse 
generator produced is shown in fig. 3,9, together with a 

photograph of an actual circuit module used (fig. 3,10). A 

schematic diagram is shown fig. 3,8, together with a block 

diagram. 

Referring to fig. 3,8, 
An initiating trigger pulse fires the avalanche 

transistor T1. The current flowing through R1  and T2  and 

the three diodes, to produce the reverse bias on T3, is 

turned off by transistor T1. Condenser C now starts to 

charge, through R, toward the +150 volt line to produce the 

positiLe going voltage ramp to turn on T3. When the:ramp 

potential roaches the turn-on potential of T3  the collector 

drops fro: its high positive breakdown potential towards 
earth, producing a negative voltage pulse which fires the 

pnp transistor T4. The delayed output pulse is taken from 

the collector of T4. 

Attempts to determine the drift in the delay timing 

with temperature using a type N sampling unit in a Tektronix 

545A oscilloscope were unsuccessful. The stability of the 

circuits dev,loped was gLod encugh to produce no deteftable 

change in delay over the range 20°C to 30°C. 
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The acquisition of a Tektronix 661 oscilloscope, 
capable of displays with less than 20 psec jitter, enabled 

useful measurements to be made. 
The change in delay timing with temperature is shown 

in fig. 3,11. Several different circuits were compared, 

all giving very similar results. Between 20°0 and 25°C the 

variation in delay is typically less than 20 psec in 

100 nsec, or better than 50 parts per million per degree 

centigrade. Outside this range the stability falls to 

approx. 150 p.p.i. The effect of omitting one of the 

temperature compensating diodes is also shown in fig. 3,11. 

Fig. 3,12 shows the leading edge of the delayed pulse 

(left hand trace) the oscilloscope time base being triggered 
from the prepulso to the delay circuit. The time base of 

the oscilloscope is 100 psec per cm., the jitter can be 

seen to be approx. 50 psec. For comparison the same pulse 
is shown using the internal triggering facility of the 
oscilloscope. The photograph shows less jitter in the 
delay from the circuit described than in the oscilloscope 

itsulf. 
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Fig.3.11 Variation wi.th. temperature from a nominal delay 
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CHAPTER 4.  

Various shapes and sizes of electronic gating pulses 

were required during the investigation of the tube. The 

avalanche transistor was again used as the fundamental 

circuit element. A variety of teckniques wore developed 
to produce the desired shape. The performance of the 

various methods used will be considered in this chapter. 

Simple differentiating circuit. 
Two basic circuits, using either npn or pnp 

transistors were found useful. 
Fig. 4,1 illustrates how when a pnp transistor 

avalanches the positive potential stop which sppears at 

the collector is differentiated by the C and R before 

being launched down the output coaxial cable. A typical 

output waveform is also shown in fig. 4,1. 
An npn transistor produces a negative potential step 

at the collector. A convenient technique to produce a 

positive waveform is to insert a load into the emitter 

of the transistor. Using 75C+ affords a good match with 
the output coaxial cable. A circuit and output waveform 

are shown in fig. 4,2. 
A range of transistors was investigated to determine 

their suitability for use in avalanche circuits. A 
variety of types were found which fell into several 

categories. 
All the transistor types were considered suitable 

for avalanche circuits if over 90% from a sample would 

avalanche in a simple circuit. 
The cost, per unit, was also an important 

consideration and the types selected ranged from tdn 

shillings up to about two pounds. 

Eventually, however, two types were selected as the 

basic circuit element. The npn used was a 2N706A and the 
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pnp a 2G103. Both were outstanding in their reliability 
and low cost (approx. ten shillings). A few slightly 
more expensive types were used (e.g. 2N962, 2N708 etc.) when 

the fastest waveforms were required. 

When gating pulses of larger amplitude were required, 

as many as three avalanche transistors were cascaded 

together as shown in fig. 4,3. In this configuration the 

breakdown potential across the three (or two) transistors 
was equal to the sum of the individual breakdown potentials. 

Using throe 2N706A's 200 volt pulses were available. 

Fig. 4,4 illustrates a more sophisticated technique 

used to generate pulses more nearly square in shape. The 

discharge line shown is initially charged tc the breakdown 

potential on the collector. The transistor acts as a 
switch, and when it is triggered into avalanche connects the 

discharge line's lower end to earth via the 75A- resistor 
shown. The positive breakdown potential on the collector 

is thus connected to the output cable. The negative 
potential step appearing at the collector travels up the 

discharge line to be reflected in phase at the open 
circuited end. The negative potential wavefront returns 

to the collector of the conducting transistor and terminates 
the voltage applied to the output cable. Thus the duration 

of the potential waveform onAhe- output -cabledie -diefined by 

the transmission time up and down the discharge line. This 
technique could be more fully exploited if the transistor 

was built into the discharge line to form a complete 

coaxial system, thus minimizing the degradation introduced 

by stray 'capacitance and inductance. 

A GaP semiconductor light diode working in the reverse 

bias mode was used extensively as a very high speed light 

source. The light output when a negative pulse causes the 

semiconductor pn junction to over—reverse bias and emit 
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light appears to follow closely the form of the electrical 
pulse applied. All attempts to measure the rate of rise of 

the light output have been limited by the measuring equipment. 
7t is certainly possible to produce a light signal with an 

intensity rise time of less than one nanosecond. The jitter 

in the timing of the light output was also better than could 

be measured, and must be < 100 psec. Detailed experimental 

results using light diodes are discussed in chapter 7. 

The electrical pulse used to run the light diode was 

shaped by a length of shorted coaxial cable (see fig. 4,5). 

By plugging in various lengths of cable the duration of 

the light output could be controlled as desired. Since the 

diode itself is physically small the system approximated 

to a transmission line, yielding good pulse shapes. 

In applying the electrical pulses to the meshes in the 

tube the biggest problem was to have no d.c. connection 
between the earthed coaxial input and the mesh which has a 

variable d.c. bias. The most convenient method was to use 

a ferrite transformer (see fig. 4,6). The critical 

parameter for ferrite pulse transformers for very high speed 

pulses is the perilieability of the material. Mullard 

produce a ferrite (type A13) with a permeability of 1500. 

Permeabilities greater than 3000 are being developed but 

were not available at the time. The ferrite transformers 

used have a minimum pulse rise time of approx. 2nsec which 

was adequate for most of the work. 

To attain the highest switching speeds a system of 

capacitative coupling was used (fig. 4,7). Ceramic disc 

capacitors were used, as these have very low inductance. 

Submanosecond rise times were just attainable in this way. 

When the device is used as a framing camera, a series 
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of accurately timed pulses is applied to the second gate 
in the tube. Since in nanosecond circuits any connecting 
wires must be considered as transmission lines, a limit of 

approx. 2 inches has to be imposed on the length of any 

interconnecting wires. Connections between the circuits and 

the tube have to be made using coaxial cables. The 

attenuation on the cables of the higher frequencies degrades 

the pulse shape and high quality cables were used to preserve 
the pulse shape (Transradio type AlT with Greenpar type 

N connectors). 
If a series of pulses is to be applied to the second 

gate from separate transistors then a separate cable is 

needed for each pulse. This is impractical since a pulse 
transmitted down any one cable would be reflected, at the 
iesh, back down all the others. The simplest solution to 
this problem is to use only one transistor pulse generator 

and trigger it with the series of accurately timed pulses. 
This technique is adequate for pulse repetition rates up 

to almost 10 Mc/sec. 
For higher pulse repetition rates a system was 

developed in which four output pulses were generated. Four 

separate transistors were mounted on one piece of circuit 
board. Each transistor is triggered from a separate, timd, 

trigger pulse. The outputs however, were all coupled into 

the same cable as shown in fig. 4,7. The positioning of 

the components on the board was fairly critical to avoid 

spurious triggering. Up to 100 Mc/sec pulse repetion rates 

were achieved with this circuit. 
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CHAPTER 5 . 

With exposure times in the nanosecond region the 

number of photoelectrons liberated, even from bright 

sources, is very low. Early work in the investigation of the 
transit—time storage tube(75) made it clear that for 
satisfactory performance at very short exposure times some 

form of electron image intensification was required. 
Consideration of the various techniques available led to 
a choice between throe image intensifiers. 

(i) T.S.E intensifier 
(ii) Channelled intensifier 

(iii) Cascade image intensifier. 

At the time of enquiry the T.S.E intensification system(76) 

was unsatisfactory in that it would prove technically 

difficult to attach the delay section. The channelled 

intensifier as developed at I.C.(77) was not capable of 

providing adequate resolution. The cascade intensifier 

was chosen as the most suitable then available. It must 

be stressed that in principle any form of intensification 

could be used. 
The techniques used in making all the ETTII involved 

the same general principles. 

The glass envelope. 
The departmental glass blowers produced the glass 

envelope by sealing two flat circular pyrex windows into 
the ends of a cylindrical (approx. 60 mm diameter) piece 

of pyrex tubing. To make contact to the various electrodes 
inside the completed tube platinum tapes were sealed through 

the glass(78). As the tapes were prone to leaks the 

completed envelope was pumped, and checked on the pump for 

leaks. If the Arelope proved satisfactory at this stage 
it was sealed off with a gauge and put aside for as long 
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as possible. Periodically the pressure in the tube was 

checked to see if it had risen. A helium mass spectrometer 
was also used on sc:me tubes to check for, and locate leaks. 

Having selected a satisfactory envelope it was let 

down to atmosphere and prepared for use. The metal 
electrodes used to define potentials and secure intensifying 

screens and meshes etc., were located inside the tube body 

by three slots ground on the wall of tube at 1200  spacing, 

perpendicular to the axis of the tube. 
The electric field was defined inside the tube by a 

series of metallic rings formed by painting on platinum 

metallising paste type number T177, made by Johnson- 

Matthey & Co. In corresponding positions, but on the 

outside, a silver ring (type X351) was painted. Contact 

between the two was made by the platinum tape sealed 
through the glass. The rings were dried with an infra-red 

lamp and then fired into the glass at a temperature of 

approx. 620°C. 
When the tube ceded down the platinum paste rings 

were buffed to remove any loose material which might 

otherwise become dislodged and lead to difficulty when the 

tube was completed. 
The end windows were then painted with bright platinum 

paint (Johnson-Matthey 	.)to define the working diameter 

of the tube and, in the final tube, to make contact with 
the photocathode and output phosphor screen. The 
equipotential section was similarly painted. A small spot 
of platinum paint was also applied to the point on the 

outside of the envelope through which the platinum tape 

emerged. When this spot of paint was fired in it served • 

several purposes. To minimize any chance of leaks through 

the platinum tapes silver chloride was put on the glass 
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where the tapes emerged. Using bright platinum defined the 

region for the application of the silver chloride and 

assisted the application since silver chloride wets 
platinum more easily than glass. In addition the silver 

chloride, being decomposed by the action of light, is 

protected by the opaque platinum paint. Finally a short 

section of each of the outer rings was painted with a 

silver paint type X353 to permit soldering leads to the 
tube, when complete. 

The tube was again baked to approx. 620°C to fire in 

the paint. It was then allowed to cool to 500°C and silver 

chloride was deposited in small 'blobs' on each point at 

which a tape emerged frc the glass. As soon as the tube 

had cooled it w4s removed from the oven and black colliodal 

graphite was painted over the silver chloride to minimize 
the deterioration due t. the action of light. 

Metal Electrodes. 
All the metal electiPodes used in the tubes were made 

from a non-magnetic grade of stainless steel. The metal 
annuli were prepared in the departmental workshop and 

vacuum stoved t. 1000°C before anything was added to them. 

Various techniques were used, during the development, to 

secure the annuli inside the tube body. The most satisfactory 

technique used 0.02 inch diameter tungsten wire, bent to 

the appropriate shape, for locating the annuli and making 

contact to the metal ring on the inside wall. The main 
advantage of this material was that prior to the final tube 

assembly all the annuli, with springs and magnetic catches 

welded on, wore vacuum stoved to 600°C. A further advantage 

was that the parts could be re-used should a tube prove 

unsatisfactory. In later tubes the annuli were electre-

polished(79)  to remove any sharp points, which might lead 
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to field emission. To minimize any problems due to light 

being reflected from the shiny metal parts they were also 

blackened. The technique involved the use of nl..ckel 

flashing and was developed by R.C.A.(80),(81).  The design 

of the electrodes varied from tube to tube, and a 

representative collection of the types used is shown in 

figure(6,1). 

Intensifying screens and output phosphor screen; 

In the cascade intensifier the intensification of the 

electron image is realized by accelerating the electrons 

to an energy of several keV and focusing them in an image 

on a phosphor screen. The phosphor screen is mounted on a 
thin supporting membrane, on the other side of which is a 
transparent photocathode. The photons from the phosphor 

release photoelectrons from the photocathode and electron 

gains in excess of 100 can be realised in this way(82) 

In making the ETTII the thin supporting membrane was 

a commercially obtained mica disc apprex. 4)A thick. In 

the early tubes a phosphor screen was deposited on the 
mica membrane, and the output glass screen, by the author 
using a sedimentation process. The quality of the screens 

was subsequently much improved using electrophoretic depositioA. 

Much effort was expended in developing this technique and 

the author would like to thank R.W. Airey for kindly 

allowing the screens he developed and made to be used in 

the later tubes(82). Before actually putting the screens 

into the tube an aluminium film was deposited on the back 

of the phosphor - to stabilize its potential in operation - 

and then a thin layer of aluminium black (alminium 

evaporated at a few all of mercury pressure produces a 

black sooty deposit) to prevent light being reflected back 

from the shiny aluminium surface to the previous photocathode. 



Fig.5.1 



Fig.5.2 

72 



73. 

Caesium ampoule and Antimony evaporator.  

Because of its good sensitivity and relative ease of 

fabrication the antimony caesium, 39, photoemissive surface 

was used as the photocathode in all the intensifiers made. 

The liquid metal caesium used in processing the 

photocathodes was prepared beforehand in small glass ampoules 

with a thin glass 'tail'. 	The caesium was released from 

its chemical compound caesium chromate in a mixture made 

from 	caesium chromate, aluminium and tungsten 
in the proportion 1:1:8. The mixture was contained in a 
nickel capsule and released under high vacuum by heating 

the capsule with a radio frequency heater. The caesium 
liberated was guided into a series of ampoules by judicious 

application of a gas torch, the ampoules then being sealed 

off from the vacuum system. During the activation of the 
photocathodes the thin glass tail on the ampoules was 

broken using a magnetic hammer, releasing the caesium. 

Antimony, unlike caesium, does not react with air, and 

could therefore be evaporated from a prepared evaporating 

source. The evaporator consisted of a flat coil of nickel 

wire, which completed an electrical circuit with a 1 mm 

wide strip of tantalum 0.003 inches thick and approx. 20 mm 

long. Upon the tantalum strip a disc cf nickel sheet, 

1 mm in diameter was spot welded. The antimony does not 

wet the tantalum and thus forms a small 'blob' on the nickel 

disc. The tantalum strip was enclosed by a nickel shield 

to restrict the direction of evaporation of the antimony. 

Evaporation was accomplished by allowing the nickel coil 

Pllnductivelylpick up radio frequency energy, which raises 
the temperature of the tantalum strip to cause the antimony 

to evaporate. The tantalum strip was placed 2.5 mm below 
the 4 mm aperture in the nickel shield. In most cases the 

source was required by geometry to be only 3 cms from the 



74. 

surface to be covered, which was 4 cm in diameter. An 
unobstructed point source, in these conditions, would have 

produced an evaporated layer much thicker at the centre than 
at the edges. To reduce the amount of antimony evaporated 
in the central region, a 2.5 mm disc of nickel mesh with a 
50% shadow ratio was fixed t‘ the centre of the source 

aperture, sandwiched between two course tungsten meshes,;of:' 

low shadow ratio. The meshes were mounted on a movable 
flap, which enabled the evaporator to be loaded through the 
aperture. The evaporator was thoroughly degassed under 
vacuum, and then placed in an inert atiaosphre of argon 

where the tantalum strip was heated and the antimony wetted 

on to the nickel disc. 

A tungsten wire filament was incorporated across the 

nickel pick-up coil of the evaporator. The resistance of 

the filament was arranged so that the tungsten glowed red 

just as the antimony started to evaporate. This advanced 

warning of evaporation assisted in preventing too much energy 

being applied to tho coil, producing uncontrollable 

evaporation. 
Fig. (6,2) shows a complete evaporator, the magnetic 

hammer (a soft iron slug in a glass envelope) and the 

caesium ampoule with its thin tail. 

Tube assembly, seal up and processing.  
The various metal parts were assembled in the two 

sections using specially designed loading tools shown in 
fig. (6,2). Electrical continuity was checked between each 

part and its external connection. The magnetically operated 

catches were checked to ensure their correct functioning. 

The most satisfactory method found for joining the two 

halves of the tube together was to use a gas flame. The two 

parts of the tube were held in a glass blowing lathe and 
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joined using normal high temperature flame sealing. The 
metal parts were tec far away to be oxidized by the flame. 
The two side arm stubs were sealed up prior to joining. 
Infra-red lamps were used to heat both ends of the tube, 

which contained phosphor screens. This heating was 

continued throughout the flame seal-up and afterwards until 
the region of the join was cool. The moisture produced by 
the flames was thus condensed in the centre of the tube, 

away from the aluminium backed phosphors. It was found 
that if moisture was allowed tc condense on the phosphor 

screens the aluminium backing tended to peel off when the 

tube was pumped down. After seal-up the tube was sealed 

onto the vacuum system as quickly as possible and pumped, 

using a gas ballasted rotary pump to remove the water 

vapour from the tube. The tube was then let down to , 
atmosphere and the caesium aMpoule and antimony evaporator 

side arms were added. The tube was pumped down again and 

tested for leaks in the various glass joins, if none were 

found it was prepared for baking. 
Since all the surfaces inside the tube degas under 

vacuum at a rate which increases rapidly with temperature 
it was advisable to bake the tube to as high a temperature 
as possible. It was known that the phosphor screens lose 

efficiency if raised above 400°C, even for a short time. 
Further the antimony starts to evaporate, albeit slowly, 
at 270Lt - at which temperature the caesium in the ampoule 

starts to react with the glass. 
The main body of the tube was wrapped in flexible heater 

tape and thermally insulated with asbestos paper. The 

whole assembly was enclosed in an oven whichvas raised to 

250°C. The heater tape was then used to increase the 

temperature of the tube body to approx. 350°C. 
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It was found advantageous to bake also the top of the 
diffusion pump and as much of the rest of the high vacuum 

side of the system as possible. About 48 hours was allowed 

for baking, this period being necessary to obtain a gauge 

reading of less than 10-7 torr. On completion of the 
baking, when the temperature had dropped to approx. 150°C 

the oven was raised and the heater tape quickly removed. 
All the platinum tape seals were covered with black vacuum 

wax as a further precaution against leaks. In later tubes 

the G.E. preparation 'Gevac' was used instead of the wax. 

The three photocathodes were than processed. The 

caesium ampoule was broken and a gas torch used to transfer 

the caesium into the side arm. Antimony was evaporated 

onto the primary photocathode glass plate and the two mica 

surfaces. The processing compartment was then raised to 

170°C and a chopped light source used to monitor the 
photosensitivity of the primary photocathode as caesium was 

liberated into the compartment. A balance was struck 
between the rate at which caesium was allowed in and the 
rate at which it baked away. Maintaining this balance the 
compartment temperature was then gradually dropped, until 

at 80°C the processing was completed and the oven removed. 

The tube was then removed from the pump. 
The photocathode plate was manoeuvered into place at 

the front of the tube. The two mica screens were moved 

down the delay section and clipped into place in the 

cascade section. Finally the meshes were swung into place 

and the tube was ready to be mounted in its Perspex cradle 

and wired up. 
A photograph of a completed tube is shown in fig. 6,3 

after being fitted into its Perspex cradle. 

The radial field distribution at each end of the 
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equipotential section was found to be important when an 

electron image was stored over many transits. In an attempt 

to improve the shape of the equipotentials the series of 

accelerating rings was replaced by a resistive spiral. The 

spiral was painted onto the tube as a colloidal mixture 
of chromic oxide and graphite. Using a screw cutting lathe 

a spiral of 11 tpi was painted on to the walls of the 

tube. 
Although a considerable improvement resulted from 

using spirals, investigations and results still showed 
considerable deficiencies in the stored image (see chapter 7). 

A field defining mesh at each end of the drift section appeared 

to be necessary. A system was developed whereby the gating 

meshes and their corresponding field defining meshes were 

mounted in a small glass cylinder and the whole assembly 
loaded into the tube. The possibility of evaporating a 

uniform layer of nichreme over the inside of the small 

cylinder is also being investigated. This technique - if 

successful - should yield an accelerating field at each 

end of the equipotential section with very little residual 

radial field component. Until fully developed, however, 

a resistive spiral is being used in the cylinder. 
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CHAPTER 6. 

In assessing the performance of the ETTII as a 

dynamic information store two considerations are of 

fundamental importance — the preservation of geometrical 
and temporal resolution in the electron image. In this 

chapter the geometrical resolution is investigated. 
Conventional techniques for measuring the spatial 

resolution of an image intensifier involve estimating, 
by eye, when it is no longer possible to resolve a series 
of black and white bars. Various standard patterns have 

been used in making this measurement04).The results 

obtained in this way may be criticised in that they are 
subjective in nature, however in the authors experience 
good agreement is usually found between different 

observers. This agreement makes it possible to measure 
the ultimate resolution obtainable in a straightforward 

image intensifier quite reliably. However the problems 

involved in using this technique to measure the variation 

of resolution with, say, variation in the potential on 

the equipotential section are twofold. Firstly the 

variation is small and it is difficult to determine the 
way in which it varies with any degree of reliability. 

Secondly when the device is used for very short exposures 

the output intensity is quite low and the measurements 

tend to become unreliable as the observer's eye tires 

very quickly. 
An alternative method of assessing the spatial 

resolution of an imaging device involves comparing the 
spatial resolution with the way in which an electronic 

amplifier responds to a square wave input signal. Due 

to the finite frequency response of the amplifier the 

higher frequencies, associated with the sharp edges of 

the square wave, are progressively more attenuated. The 
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poorer the high frequency response of the amplifier the 

greater the deterioration in the shape of the square wave. 

The performance of an electronic amplifier at high 

frequencies can be measured using two distinct but related 

criteria. The frequency at which the amplitude gain through 
the amplifier has dropped to 1/5  (approx. 70%) of its 

value for lower frequencies can be measured. Alternatively 

the shortest time in which the amplifier can follow a 

step input waveform can be determined. The former 

measurement yields the amplifier bandwidth, the latter 

it's rise time. 
If a pattern of light is incident at the input of an 

imaging system (optical, electron optical, television etc.) 
its quality at the output will be degraded. The 
degradation introduced will consist of several different 

components, including distortions of various sorts, 

rotation and loss of spatial resolution. If the light 

varies in intensity across the input of the device 
according to a simple sine law then the output would be 
similarly modulated. The analogy with an electronic 

amplifier is now apparent. If the spatial frequency at 

the input (i.e. the number of line pairs per millimetre) 

is increased the modulation at the output will start to 

drop, being 100% for low frequency patterns and becoming 

progressively smaller as the frequency increases. The 

modulation in the output image can be measured in terms 
of the Michelson visibility factor: 

Imax - 'min 

max + 'min 
	(1), where Imax and 

Imin  are respectively the maximum and minimum intensity 

in the output image. In this way the 'bandwidth' of the 

system can be determined. 

V - I 
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If a step change of intensity (from black to white) 

is used at the input of an imaging system the output 

image will change from black to white over a finite 

distance. Measuring the response of the system to a step 
input thus yields the 'rise time'. 

Both bandwidth and rise time have been used in 

assessing the performance of the ETTII, although the 
bandwidth measurement has proved to be more useful. 

A set of slides was produced covering a range of 

spatial frequencies with a simple black aid white bar 

pattern. In the region where the imaging device does not 

produce 100% modulation there is no need to use a sine 
wave input as only the lowest frequency component of the 

square wave pattern can actually pass through the system. 

The fundamental sine wave component of a square wave has 

an amplitude T/2 times that of the square wave. If a 
square wave is used throughout the measurements the results 

will be self consistent. To convert any square wave 

measurements to true sine wave values only involves the 

scaling factor of II /2 and will not be considered further. 

The experimental technique developed involved scanning the 

image on the output screen of the image tube with a narrow 

slit. In this way the maximum (Imax) and minimum (lain) 

intensities in the output pattern were determined and the 

visibility, V1  of the particular pattern calculated 

(eqn. (1)). 
Image rotation in magnetically focused image tubes 

and television pick up tubes is a well known phenomenon. 
In attempting to scan the output image to determine the 
visibility it is important to ensure that the scanning 
slit is parallel to the bar pattern to be scanned. When 

the electron image is stored in the ETTII the rotation in 

each transit was found to be cumulative, the image 
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actually rotated through more than 360°  in about 100 

transits. The accelerating and decelerating fields in the 

image storage section of the early tubes were produced by 

painting narrow metal electrodes on the glass walls of the 
tube. An electron which travels down the tube some way 

from the axis does not experience a purely axial field but, 

due to the bending of the equipotentials, it is also 

accelerated in a radial direction. The magnetic field in 

the axial direction, perpendicular to the radial electric 

field, causes the resultant electron motion to be a 
rotation about the centre of the tube. To minimize this 
effect a spiral conducting coating was used in later tubes 

to control the electrons at each end of the equipotential 

section. The shape of the equipotentials in the accelerating 

region was investigated using 'resistance paper' and 
conducting paint as a model. The potential distribution 
using a conducting spiral to produce the accelerating field 

(fig. 6,1) is quite good near the cathode. However, at the 
beginning of the equipotential section the field bulges. 

This curvature produces image rotation and it is planned to 

incorporate a field defining mesh in future tubes, producing 

a plane parallel set of equipotentials as shown in fig. G)1. 

The apparatus used to assess the resolution in the 

tubes is shown schematically in fig. 6,2. 

The illuminated resolution pattern, 2, is imaged onto 

the intensifier photocathode, 3. The optical visibility in 

the output image, 4, is then assessed with the apparatus 

shown to the right of 4. The microscope objective, 5, 
magnifies the output image and brings it to focus on the 

screen 6. Any light passing through the slit 7 is focused 
on to the photomultiplier, 8, producing a current flow in 
the galvanometer, 9. The complete viewing assembly can be 

rotated about its axis to compensate for rotation in the 
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image tube. The slit 7 can be moved with a micrometer screw 
to scan the image falling on the screen 6. It is 
important when scanning a parallel bar system that the 

slit and pattern are parallel to each other. This 
adjustment is made by rotating the system about its axis 
until the output current is a maximum with the slit viewing 

a bright line in the image. 

A photograph of the complete arrangement is shown in 

fig. 6,3. 
Having developed the experimental techniques a 

systematic investigation was carried out into how the 

spatial resolution in the ETTII depended on the working 

potentials and magnetic field. 

From a given set of conditions - potentials on 

electrodes and value of magnetic field, the cascade section 
of the tube was focused, by eye. The visibility of each 

of a set of slides was measured, a typical result is shown 
in fig. 6,4. The drop in visibility with spatial frequency 

of the slides is quite similar to the drop in amplification 

with frequency of an electronic amplifier. 

The visibility curves obtained in this way can be 

used to estimate the limiting visible resolution. The 
Rayleigh criterion for resolving, by eye, the diffraction 
patterns from two lines requires that the maximum intensity 

in one pattern should just overlap the first minimum in 

the other. An alternative expression of the same criterion 

is that the two points are just resolvable if the drop in 
intensity between the two maxima is to 81%. 

Inserting this value for 'min  in the expression for 

the visibility, 

max - 'min 
V - I

max + Imin 

= 10.5% 

100- 81 
100 + 81 
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Thus when the visibility of a particular resolution 

slide is approx. 10% it is just possible to "see" the 

pattern. In fig. 6,4, the limiting visible resolution 

is approx. 6.1 lilmm., the tube being operated in a 

magnetic field of 350 G. 

In determining the variation in spatial resolution 

with the various tube parameters a single slide was used. 
The visibility of the slide was measured as the particular 

tube parameter under investigation was varied. Fig. 6,5. 
shows the variation in visibility with potential on mesh 1, 

mesh 2 and the equipotential section for tube XIII. 

Figure 6, 6a shows the way in which the visibility 

changes as the magnetic field is changed in the region 
of loop focusing in the cascade section. 

Figure 6, 6b shows the magnetic field required to 
focus the tube as a function of voltage on the cascade 

section. 
Results from tube XIV show considerably improved 

resolution. Several factors seem to contribute to the 

improvement. The resistive spiral produces a better 
electron accelerating field. The tube is shorter (75 cm 

as opposed to 88 cm) and thus is in a more uniform 
magnetic field. The cascade intensifying screens are of 

much better quality 
The o/erall result is a limiting resolution of 

18 1p/mm at 450 G. 

Resolution under pulsed conditions. 

Having determined the behaviour of the tube under 

steady conditions, the loss of image quality when the 

electron gates were pulsed open was investigated. 
A short pulse of light embodying a resolution pattern 

is difficult to achieve in practice. For these 
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measurements a steady illumination was used and the first 
electron gate opened with a positive electrical pulse of 

a few nanoseconds duration. In this way a short 'burst' 
of electrons was allowed into the storage section. Using 

a 10 nsec gating pulse at a repetition rate of 1 kc 
reduces the intensity at the output of the tube by a 

factor of 105. To make a fair comparison between the 

gated and steady conditions the light input under steady 

conditions was reduced using optical filters. Using 

appropriate filters for the steady condition the light 

output could be approximately the same as for the gated 

arrangement. The cascade intensifier could thus be 
maintained with. precisely the same working potentials and 

magnetic field, eliminating any variation in resolution 

due to the intensifier. 

Several points were investigated. Firstly the drop 
in resolution due to gating either of the meshes, the 

other mesh being held open. The image was then stored and 
allowed through the second mesh by applying a suitably 

timed gating pulse. Increasing the delay between the 
pulse to the first mesh and that to the second mesh will 
force the electrons toeccillate.backdandrfbrth ove'rraore 

transits. 
The results obtained with tube XIII are very 

promising. 
Gating either of the meshes with 10 nsec, 20 volt 

pulses produced no drop in visibility over the 'straight 

through' image. 
Storing the image and gating both meshes again 

produced no detectable drop in visibility. After 13 

transits up and down the tube the image had rotated 

through 45, beyond the compensation built into the 
viewing system, but the image resolution was still 

maintained. 
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CHAPTER 7. 

The performance of the device as an information store 

has been considered theoretically in chapter 2. When 

storing an electron image the time dispersion introduced 

(in a perfect tube) has been shown to depend directly on 

the range of photoelectron emission energies. The range 

in electron emission energies from a given light source is 

thus an important consideration in comparing the 

performance of practical devices with that predicted 

theoretically. 

Photoelectron Energy Distribution. 

In determining the range in emission energies several 

experimental procedures are possible. 	In a simple plane 

parllel diode at low anode potentials not all of the 

emitted electrons are collected. Consider an anode 

potential (with respect to the cathode) of - V volts. 

Only electrons with emission energies greater than eV will 

reach the anode and be recorded as output current. Let 

the probability of an electron leaving the cathode having 

an emission energy eV electron volts be 

P(V) 

Thus the total number of electrons leaving the cathode 
V o 

N = 1 	P(V)dV 

where eVo is the maximum emission energy. 

The number of electrons emitted with energy greater 

than eV electron volts is 
.V o 

nv  = 	P(V)dV 
o 

Hence measuring the electron current as a function of 

anode potential (the cut-off characteristic) determines the 

integral of the energy distribution of the emitted electrons. 
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Differentiating the cut-off characteristic will yield the 

energy distribution. 

In the transit-time storage tube three methods of 

determining the cut-off characteristic have been used and 

compared. 

The simplest technique is to electrically connect all 

the electrodes (except the cathode) to the first gate. The 

cathode current measured as a function of thepotential on 

the first gate gives the cut-off characteristic. 

Alternatively the tube can be used as a triode in which 

the second gate is used to control the electrons into the 
intensifier section. A galvanometer connected to the first 

intensifying sandwich (held at only 100 volts) recorded the 

photo-current passing through the second gate. 
Thirdly a photomultiplier was used to measure the light 

output from the intensifier as a function of the potential 

on the second gate. 
These three techniques were used to ensure that results 

obtained from using the intensifier were in agreement with 

the simple diode case first considered. Good experimental 

agreement was found between all three techniques. Having 

confirmed the agreement the electron gain available in the 
intensifier was used to extend the sensitivity down to photo-

currents which would be inconveniently small to measure 

directly (eg. 10-15 amps). 

The cut-off characteristics using a hot tungsten source 
with Wratten 47B and Wratten 25 filters (blue and red 

respectively) were determined in this way and the 

corresponding energy distributions derived (see fig. 7,1 and 

7,2). 

A GaP light diode*  when used in the reverse bias mode 

Supplied by S.E.R.L., Baldock, Herts. 
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can produce very short pulses of light. Light pulses with 

turn on times of less than one nsec were available from 

these diodes. 

The cut-off characteristic when the diode was used 

as a light source held up against the cathode is shown in 
fig. 7,2 (curve on right). The range in emission energies 

can be seen to extend over several electron volts. This 

phenomenon is due to the very short duration of the light 

pulses (approx. 5 nsec). Photo-electrons leaving the 

cathode surface leave a positive charge which effectively 

raises the cathode potential. A rise in cathode potential 

is equivalent to a reduction in the potential difference 

between the cathode and the anode (mesh 1). Hence to 

collect all the photo-electrons the anode potential must 

be raised-by about 2 volts more than if the light from the 
diode (orange) was continuous in time. 

The extra time-dispersion introduced by this large 
range in emission energies is inconvenient and misleading. 
A coarse, low shadow ratio, tungsten mesh held against 

the photocathode window and connected to earth supplied 

sufficient capacity to maintain the cathode potential for 

the duration of the light pulse. The amended cut-off 
characteristic and derived photoelectron energy distribution 

are shown in figs. 7,1 and 7,2 respectively. 

Electron Image Transit-time in the Device.  

Using the Gag diode as a light source for the tube, 

the variation in transit-time of an electron image with 

the drift potential was measured. The experimental 

arrangement is shown in fig. 7,3. The delayed pulse 

generator used is described in chapter 3 of this thesis, 

and was calibrated against a Tektronix type 661 

oscilloscope. 
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The delay between the pulse applied to the light diode 

and that to the second gate was increased from a few nsec 

until photoelectrons were gated through. These photo-
electrons were detected at the output of the intensifier 
section by guiding the light down a perspex rod into a 

photo-multiplier and measuring the output current. Using 

a light pulse duration of alTroximately 5 nsec the electron 

image transit-time was defined as the delay setting when 

the light output from the tube rose to one half of its 
maximum value. The absolute timing accuracy is thus in 

doubt by approx. ± 2 nsec, due to the pulse widths, time-

dispersion being neglected. 

Two correction factors have to be included in the 

measured delay to give the transit-time. The pulses used 

for the light diode and second gate take a finite time to 
travel down their coaxial cables between the circuits and 

the tube (approx. 10 nsec). The precise delay times down 

the cables were determined using the dual trace facility 

of the 661 oscilloscope. By looking at the same pulse at 

each end of the cable the transit-time down the cable can 

be measured directly, as the displacement between the two 
pulses on the oscilloscope screen. 

Fig. 7,4 shows the variation in transit-time with the 

drift potential. The theoretically predicted curve is in 

close agreement with this result, and when plotted using 

the data in chapter 2 is coincident with the curve in 

fig. 7,4. 

Effective Shutter Speed of the Electron Gate. 

The effective shutter speed of the tube was compared 

with the duration of electrical pulse applied to the second 

electron gate and close agreement was found down to 

approxinntoly 10 nsec. A diagram of the experimental 
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arrangement used is shown in figure 7,5(a). A convenient 
high speed light source which can be repetitively triggered 

is a fast oscilloscope incorporating a cathode—ray tube having 

a short decay phosphor. A Tektronix 545A oscilloscope was 

used in which the P16 phosphor screen of the cathode—ray 

tube was covered by the mask 5 in which there was a vertical 

slit 0.5 mm in width. Until the Gat? light diodes became 
available the oscilloscope was used extensively as a source. 
When the horizontal sweep speed of the oscilloscope was set 

to 20 nsec per cm a pulsed spot of light was produced 

having a rise time of approximately 1 nsec and decaying to 

zero in about 100 nsec. This pulsed spot of light was 

focused on to the photocathode 3 of the delay tube 6 by 

the lens 4, thus generating a time varying electron image 

which was allowed to travel towards the second electron 
gate 2. The distribution of electrons in this stream is 
illustrated in Fig. 7,5(b), as the leading edge nears 

gate 2. The delay pulse circuits were used to trigger the 
time base of the oscilloscope and the second electron gate. 
The 545A oscilloscope used as the light source possessed 

an internal delay such that the light pulse turned on 

approximately 250 nsec after the trigger was applied. If 
the pulse to gate 2 was applied so that it opened and 

closed before the electron pulse arrived, the light output 

from the intensifier section of the tube, measured with a 

photo—aultiplier, was zero. However as the delay tine 

between the two pulses was increased, at a critical value 
of the delay electrons just began to pass through gate 2 

before it closed — producing a light output from the tube. 

The light output increased to a maximum after a further 

increase in the delay, 	Since the phosphor decay time 

was long compared with rat and the gating pulses used, 

after the time Lt the light output from tho tube remained 
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approximately constant. 	If it is assumed that the leading 

edge of the electron pulse is perfectly square then the 

time bt is the actual electron shutter speed of the 

second electron gate. Shutter speeds down to about 10 nsec 

were confirmed in this way. An experimental curve is 
shown in fig. 7,6. 

Effect of the Electric Field at the Photocathode on Time—
Dispersion. 

Using the GaP light diode the possibility of verifying 
even shorter shutter speeds was investigated. However the 
time— dispersion in the stored electron image becomes 
increasingly important as the times for which the shutter 

is open are reduced. The effect of the electric field 

between the photocathode and first gate is shown in 

chapter 2 to be important in determining the time—dispersion 
accumulated by the electrons in the first transit. In the 
region in front of the photocathode where the potentials 
are low the importance of the range in emission energies 

is consequently most significant. With a 5 nsec pulse on 

the light diode and on gate 2 the light output from the 

tube, at different delay settings between the two pulses, 
was measured. For convenience these curves were called 
the "electron throughput" for the device. 

The results are shown in fig. 7,7 where the effect of 

different potentials on mesh 1 can be seen. At low fields 

(i.e. 4 volts on mesh 1) the throughput is broad and has a 
fairly low maximum level. At high fields the curve becomes 
narrower and higher. The total number of electrons passing 

through the second gate is proportional to the area under 
the curves. Within the limits of experimental error the 

three areas are the same. 
The gating pulses used at gate 2 were not ideally 
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square in shape due to the impracticability of producing 

pulses with less than one nanosecond rise time on the tube. 

The significance of the triangulation of the pulse is quite 

important when the effective shutter speed is being 

considered. If the pulse were perfectly triangular then the 

effective shutter speed would decrease as the reverse bias 
on gate 2 was increased. The amunt of pulse which the 

electrons "see" depends on what fraction of the pulse is 
more positive than the cut-off potential at gate 2. If 
only the top 5 volts of a triangular pulse were used the 

width would be less than if 10 volts were used. Fig. 7,8 

shows the variation in electron throughput using the light 

diode as source and varying the reverse bias on gate 2 from 

0 volts to - 2.5 volts. As the reverse bias was increased 

both the number of electrons gated through (the area 
beneath the curve) and the effective shutter speed (width 

of curve) were reduced. 

Time-Dispersion in a Stored Electron Image.  

The three curves in fig. 7,7 show quite clearly that 

the electron image becomes less well defined, temporally, 

as the field in front of the cathode is reduced. The time- 

dispersion in the electron image is, unfortunately, not 

easily retrieved from these curves. 

If an infinitely short light pulse (i.e. a delta 

function light source) were available it is useful to 
consider the shape of the throughput characteristic. When 

the electron image reaches the second electron gate it is 
spread out in time according to sume function f(t). The 

gating pulse, in reality, is not square but may be represented 

by some general function g(t-T). The turn-on characteristics 

of the gates in the tube (fig. 7,1) indicate that over a 

range of 1 volt the tube is turned from fully off to fully 
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on. If the tube is operated in such a way that when the 

light pulse is turned on the second gate is held open, it 
will be shown that g(t-T) can be considered as a step function. 

Consider the leading electrons approaching the second gate, 

held at 10 volts positive with respect to the cathode. If 
the gate potential is switched to 10 volts negative the 
tube turns off during the time interval the gate potential 

is moving through one volt. Now it is quite practical to 

drive the gate potential through 20 volts in 2 nsec and 

hence the tube will actually turn off in approx. 100 psec. 

To the approximation that 100 psec is small the function 

g(t-T) may thus be considered as a step turn-off pulse, 

and the precise nature of g(t-T) may be neglected. For 

t<T, g(t-T) = 0 while for t>15g(t-T) = 1. 

By increasing the delay T, between applying the pulse 
to the light diode and the pulse to the tube the light 
output from the tube will rise from the background reading 
for small delays to a steady level when all the photo- 

electrons are allowed through the second gate. The 
transition between the two states will yield the convolution 

integral of f(t) and g(t-T), integrated over the duration 
of the electron time spread in the stored image of the 
delta function. Since g(t-T) may be considered as a step 

function the throughput turn on characteristic reduces to 

\f(t)dt 
Differentiating the characteristic should then yield the 

shape of the function f(t). In principle then, given a 

delta function light source, the shape of the time-dispersion 

introduced in the stored electron image can be deduced. 

Unfortunately a delta function light source is not a 

practical possibility and it is necessary to introduce 

another time dependant function h(t-T) to describe the 
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shape of the light pulse. Thus the throughput characteristic 

becomes 	',,f(t)h(t-T)dt 

The problem of determining the time-dispersion characteristic 
now becomes very involved, and indeed to separate f and h 

does not appear to be possible. However if the throughput 
characteristic is measured for a given set of potentials on 

the tube and then repeated for a second set of potentials 

the function h is common to both and the difference between 

the two should yield information on the way in which f(t) has 

changed. Experimental results confirm that f(t) does change 

but unfortunately the change is very small and difficult to 

handle quantitatively. 

Consider a perfect square wave light pulse generator 

illuminating the photocathode. At any instant during the 

photoemission electrons with a complete range of energies leave 
the photocathode. Thus on arrival at the second gate the 

effect of a square wave pulse of photo-electrons from the 

photocathode can be approximated to the sum of a series of 

n delta functions. Hence the electron density distribution 

at the second gate is 
JIA:m 	-7- 

0.1 	f(t+11:it) 
This effect is illustrated in fig. 7,9. If the tube 
potentials are altered in such a way as to reduce the time-

dispersion in the stored electron image then the separate 

functions, f, which make up the final output distribution, 

will each become a little narrower. The effect on the 

output distribution is to sharpen the turn-on and the top 
of the leading edge as shown in fig. 7,10. Since the output 

distribution is itself derived by differentiating an 

experimental throughput characteristic the problem of gaining 

any qualitative informtiori from the output distribution is 

seen to be difficult (fig. 7,10). It is also clear that the 
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term 'time-dispersion' is not a clearly defined quantity. 

Because of the considerable importance, to the future 

of the device, of determining the degradation in the 

temporal information when storing information over multiple 

transits, a great deal of effort was expended in deriving 
a set of data which would indicate the 'time-dispersion'. 

It is clear from fig. 7,10 that neither the output 

characteristic half width nor the 10% to 90% rise time 

really includes the important end effects introduced by 

time-dispersion. A compromise can however be made in order 
to make an estimate of the time-dispersion which accumulates 

over a number of transits. It is shown in chapter 2 that 

when the image is oscillating back and forth the time-

dispersion increases quite slowly on each transit with the 

tube dimensions used. However if the output characteristic 
is measured after 10 transits instead of on consecutive 
transits, then the tine-dispersion tc be detected will be 
10 times as large. It is possible in this way to get 
fairly systematic increases in output characteristic half 

widths with the number of transits covered. By plotting 

a graph cf output characteristic half width as a function 
of the number of transits the mean time-dispersion per 
transit can be derived - if the increase in half width is 

defined as the time-dispersion in this case. It was found 

equally satisfactory and experimentally simpler to revert 

to using a short sampling pulse on the second gate . Although 

this introduces an extra term, g(t-T) into the final 

function, since this particular term is independant of 

number of transits it makes no contribution to changes in 

shape of the output characteristic. 
The experimental results relating to time-dispersion 

were taken over a series of tubes, the tubes and measuring 

techniques developing over a period of several years. The 



results are summarized in two sections. The dispersion 

on the first transit has been illustrated in fig. 7,7. 
For the second and subsequent transits fig. 7,11 illustrates 
how the time-dispersion per transit depends on the drift 
potential. The shape cf the electron throughput after 

5 transits and after 101 transits is shown in fig. 7,12 
where the general loss of sharpness is clearly seen. 
Fig. 7,12 also shows that the half width gives an 

indication cf the loss of temporal definition :nd hence 

is a guide to the time-dispersion. 
The time-dispersion per transit when the image is 

oscillating is compared in each case with the theoretically 

predicted value and fair agreement is found. The 

theoretical values used were different from those tabulated 

in chapter 2, fig. 2,6 due to the bending equipctentials 
changing the conditions for electrons near the centre of 
the tube. Fig. 6,1 (chapter 6) shows an equipotential 

plot on conducting paper in which the shape of the electric 

field at the end of the drift section is shown. The diagram 
is to scale and was used to provide data to calculate the 

transit-time for electrons with different energy in the 

store. The amount of calculation involved is prohibitive 

and the author and his colleagues are grateful to the 

College in being allowed time on the IBM 7090 computer. 

A computer program° was set up in which the tine-

dispersion between an electron with 0 electron volts 

emission energy and one with eVo  electron volts emission 

energy could be calculated. The computer was programmed 

in such a way that a set of tables was obtained which 

covered a range of values for Vo, electrode spacing and 

potentials. All the theoretical expressions derived in 

chapter 2 were used for the computation. The author 
would like to acknowledge the assistance made available 
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by the personnel in the Applied Optics department of this 

College while preparing the programme. In calculating the 
theoretical curves shown in fig. 7,11 a range of emission 

energies between 0.2 eV and 0.8 eV was chosen as 

representing over 90% of the stored electrons. 
The quality of a stored electron image has been 

discussed with respect to geometrical resolution in 
chapter 6 and temporal resolution in chapter 7. Photo-

graphic records of the stored image are shown in fig. 7,13 
and 7,14. The rotation of about one degree per transit 

is shown clearly in fig. 7,13, where the sharpness of the 

bars is seen to be gLod after 101 transits. Fig. 7,14 
shows a resolution wedge with 4 lam at one edge and 

8 1p/Ma at the other. The total number of transits over 
which the image has been stored is shown beneath each 
photograph. The resolution appears to drop from 7 1p/mm 
after one transit to about 6 1p/mm after 101 transits. 

However after 151 and 201 transits as many resolution lines 

as in the single transit photograph can be seen. The 

variation seen in the photographs was due in part to the 

solenoid power supply not being stabilized and the 
difficulty in maintaining the camera used in good focus. 
The camera was disturbed between each photograph in order 

to set the delayed pulse generator to gate out the required 
image. The normal procedure used to focus the camera was 

to remove the film and replace it with a ground glass 
screen on which the image (viewed with a microscope) was 

focused. It was felt at the time that, with the camera 

mount then available, the sharpness of focusing using a 

Wray single lens reflex camera was a little suspect. 
The selenoid was powered by the d.c. mains supply and a 
large rheostat was used to maintain the current in the 

solenoid as constant as possible. A better camera system 
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and solenoid system being developed should produce 

considerably more reliable results. For all these records 
a magnetic field of 400G was used. 

The device has successfully been used to record several 
frames of information at rates in excess of 108 frames per 
second. Using the simple frame separation technique 

described in chapter 2 and a resolution wedge, 5 frames were 
recorded at 2.108 frames per second, fig. 7,15. The wedge 

was focused onto the tube cathode and the first gate opened 

for 25 nsec. At successive approaches to the second gate 
a 5 nsec sample was taken from the stored electron image. 

In this way, by applying pulses every 205 nsec a framing 

rate of 2.108 frames per second is achieved. The resolution 

seen in the photographs is about 6 1p/nm. 



Fig.7.15 
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CHAPTER  8. 

The 'light gain' of an image intensifier is a function 

of several independant variables: 

(i) the spectral distribution of the incident 

illumination 
(ii) the spectral response of the input photocathode 

(iii) the spectral distribution of the light output, 

and in considering the cascade image intensifier. 

(iv) Potential 
(V) Photocathodes on the multiplying screens. 
For simplicity the parameter actually measured was the 

'blue light gain'. The input light from atungsten lap 

passed through a Wratten 47B (blue) filter, the spectral 

energy distribution of the light incident on the photocathode 

then being similar to the light output from the P.11 phosphors 

used. The incident light was focused onto a small area of 

a photovoltaic cell,plckced in front of the photocathode. 

The light intensity was adjusted to produce 0.2#amp from 

the photovoltaic cell. The cell was then arranged to collect 

the light output fro the intensifier. Since the output 

phosphor of the intensifier was normally held at a high 
positive potential, when the tube was in use, a solid 
perspex light-pipe was used to space the cell from the 
intensifier. The light-pipe was found experimentally to 

reduce the collection efficiency by a factor of 3.7. 

With the cell collecting the light output from the tube 
the overall potential on the intensifier was raised until 
the current from the photovoltaic cell was again 0.2p amp. 

The 'blue light gain' was then defined as unity, the 

factor of 3.7 due ti.. the perspex light pipe correcting the 

gain to 3.7. The input light flux was then reduced until 

the photovoltaic cell current had dropped to 20% of the 

0.4amps. By raising the potential on the intensifier to 
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restore the cell current to 0.2pamp the gain of the tube 

was increased by a factor of five. In tills way the 

variation of gain with working potential was determined, 

typical results are shown in fig. 8,1. 

Image persistence on the output screen. 

The cascade image intensifier has been considered 

theoretically by Mandel(85) who has derived an expression 

showing how the light intensity at theoutput varies in time, 

assnming a 6 function input. For'an n-stage cascade 
intensifier the output intensity 

In(t) = 
-t/A 

NA \t At Nn-' e — 1  
7717 

 

(1) 

 

where N = total number of photons produced 
A = stage gain 
X= decay time (to lie intensity) of the phosphor 

t = time interval from the arrival of the electrons 

at the first phosphor. 
Thus the maximum output intensity occurs at a tine 

t = (n-1) 	(2) 

For a 'three-stage' cascade intensifier (1) reduces to 

13(t) = C t2 , (3) where C is a constant. 

I(t) has a maximum value when t = 2 

In practice the P.11 phosphor has a long tail component in 

its decay which will modify these estimates. The intensity 

of this component depends on the manufacture of the phosphor. 

The ETTII readily lends itself to the verification of 

these expressions. The experimental arrangement is shown 

in fig. 8,2a. The first gate was biased five volts 
negative and gated open at 100 c.p.s by a 20 volt, 1psec 

pulse. The sectand gate was held open at a steady positive 
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potential. The 1/Asec pulse of electrons was amplified and 

apread in time by, the cascade image intensifier. The final 

intensity at the output phosphor was recorded on an 

oscilloscope using a photomultiplier. A double bean 

oscilloscope was used to record the gating pulse and the 

output phosphor intensity. 
Fig. 8,2B shows the output phosphor intensity, the 

time base being 1 msec per cm. The long tail component in 
the phosphor decay extends the time to zero intensity to 
approx. 3 msec, abut 5 times longer than predicted by the 

simple theory. 
Fig. 8,2C shows the 'rise tine' of the light output 

from the intensifier. The top trace shows the gating 

pulse (inverted) applied to the first mesh. The time to 
reach peak intensity is approx. 25psec, indicating the 

decay time, 	of the P.11 phosphor used was approx. 12)tsec. 

The collection of photocurrent by the electrodes.  

The pliotocurrent leaving the photocathode does not all 

reach the first intensifying screen. If the second gate is 
held negative all the photocurrent is reflected back down the 

storage section. When the gate is positive a certain 
fraction will pass through. The tube characteristics under 

steady illumination are shown in fig. 8,3, where the 

potential on the second gate is the variable parameter. In 

this figure the anode refers to the first cascade screen and 
all other electrodes after the second gate. 

The anode first starts to collect photocurrent with a 
second gate potential of approx. +3 volts. At lower 

potentials the second gate effectively reflects the electron 

stream. A little over half of the reflected electron 

stream was collected by the photocathode, shown as a fall 

in photocurrent. The first gate collects almost all the 

remaining current. The equipotential section collects 
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about 1% of the reflected photocurrent, this fraction 
dropping to approx. 0.1% when the second gate was held 

more positive than 3 volts. The curves also show that 
even when the second gate is quite positive it still 

collects approx. 1/3 of the photocurrent. The optical 

shadow ratio of the meshes used was approx. 45%. The 
difference in shadow ratios can be attributed to the field 

penetration through the mesh 'helping' electrons to avoid 
the mesh bars and pass through. This fraction could be 

reduced by using meshes with a better shadow ratio, although 

for experimental tubes this was felt tu be unnecessary. 

The curves in fig. 8,3 were verified on three 

independant tubes. 

Pressure measurements in sealed-off tubes.  
The possibility of measuring the pressure in a sealed-

off working tube was investigated by the author and 

Beesley(86). It was noted in studying fig. 8,3 that when 

the second gate was reflecting the photocurrent it collected 

a small positive current. This positive (as opposed to 

electron) current was attributed to gas ions. The 
magnitude of this current is clearly related to the 
residual pressure in the tube. An estimate of the 
magnitude of the pressure was made using the following 

analysis. 
Let the photocurrent be Io and assume a fraction Ie 

is lost due to electron-atom collision3in the first double 

transit of the delay section. Assume that all the 

remaining photocurrent is collected at the first gate and 
photocathode (this will be an approximationsince some will 

be reflected at both the gate and photocathode, introducing 

an error of approx. 50%). Electrons involved in collisions 

are assumed to have insufficient energy to escape from the 

delay section. Fano(67) has shown that the mean energy, E, 
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lost by an electron in producing an ion pair is approx. 
30 eV. E is largely independant of the electron energy, 

and has very nearly the same value for all gases. Each 
photoelectron having 100 volts energy would thus produce 

3 ions. The ions produced in the equipotential section 

will drift, with equal probability, in all directions. 

However the large magnetic field will force the ions to 

spiral and move out of the drift section. Thus approximately 

half of the ions produced will be collected at the negative 

second gate. If I is the positive ion current at the 

second gate 

I 3  I p 	e 

The fraction of electrons involved in collisions in 

the first double transit is 

(Ie/I0) = (2Ip/310) = (1-f) 

Hence f = 1-(21p/3I0) 

Thus the pressure in the tube (see chapter 2) 

P = -(loge  f (x)/37.88x) torr. 

= -loge(1-2Ip/310)/37.88x torr. 

In this expression x is the length of path travelled by 

the electron in a double transit, approx 120 cm. The 

'pressure' measured in this way, although not absolute is 
very useful. If the conditions used to determine P are 

defined then the tube pressure can be monitored throughout 

its working life. 
The 'standard' conditions used to measure P were:- 

(i) Magnetic field of 0.05 Wm
2 

(ii) Equipotential section held at 100 volts 

(iii) Photocurrent set to one ),amp with the second 

gate at +50 volts (Is) 

(iv) Second gate switched to -50 volts and the ion 

current (I p) measured. 
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Experimental results indicate ion currents in the region 

10-11  amp to 10-10  amp for satisfactorily working tubes. 

These indicate pressures in the range 10-7 to 10-6 torr. 

In one tube a small leak raised the ion current to 0.4 A.nmi) 

when the intensifier indicated an ion spot. 

Applications to High Speed Photography.  

A plasmoid is a plasma with a translational velocity. 

Plasmoids have been studied during the last few years as 

sources of dense plasma for thermonuclear machines and as 

a means of reproducing solar phenomena on a small scale. 

Fearne and Wooding(87) are at present investigating the 

production of plasmoids in a conical source, using a device 

similar to that used by Josephson(88) for driving fast 

electromagnetic shocks but having a pulsed gas valve(89) 

High speed photography with an image convertor camera is 

used to study breakdown in the gas, formation of a discharge 

channel and the ejection of the plasmoid. At present all 

investigations are being carried out using argon, although 

the theoretical understanding of the processes involved 

would be eased considerably if a simple gas like hydrogen 

could be used. More useful information is available from 

these studies as the plasmoid velocities are increased. 
However the light intensity available from hydrogen is so 

low that with exposure times in the ten nanosecond region 

photographic recording becomes impracticable without some 

form of image intensification. As the plasmoid velocities 

increase up to 107 cm per second synchronization of the 

camera to the desired region of the event becomes 
increasingly difficult. Fearne and the author are 
collaborating in an attempt to use the drift tube to 

produce photographic records of the high velocity low 

intensity plasmas. 
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Calderwood(go) et al and Cooper et alc103) are 
studying transient events in electrically stressed dielectrics 

The work is aimed at studying the temporal growth of space 
charges, the formation of bubbles and their subsequent 
behaviour, and the propagation of discharge tracks in 
liquid dielectrics under various pre-breakdown conditions. 

Light emitted from liquids under the action of strung fields 

has recently been observed using sensitive photomultiplier 

detectors. The transient development of such light and its 

physical interpretation has not yet been fully investigated. 
Light emitted may give important information concerning 

dielectric breakdown and pre-breakdown phenomena. As it is 
transient and lasts only a few nanoseconds the transit-time 

delay image intensifier provides a means for the study to 

be undertaken. Caldcrwuod intends to extend the studies, 

eventually, to solid and gaseous dielectrics. It is hoped 
that a transit-time intensifier made .in this department will 

eventually be used in these investigations. 
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CHAPTER 9 

Optoelectronic Computer Store. 

A comprehensive system of computer logic can be 

developed using the opto-electronic NOR gate proposed by 

Cooke-Yarborough et al.(91), fig. 9,1. In this system 

logical interconnections are made by light signals using 

fibre optics. 
Light signals incident on a photocathode liberate 

electrons which are accelerated to an energy of 15 keV. 

The electrons strike the depletion layer of a semiconductor 

junction where one electron-hole pair is produced for 

approximately every 3 eV energy of each incident electron 

(the precise figure depending on the energy band gap in the 
material used). In this way quite high current gains are 

achieved. Each detector is in parallel with a fast 
efficient electroluminescent diode and both share: a constant 
current source. A light signal at the input causes a current 

to flow in the detector reducing the current in the light 

source. Several fibre optic channels can share the sane 

input photocathode and thus the device can be used as a 

light operated NOR gate. 
These logic elements could be stacked to form a two 

dimensional array and the information would pass through 

the computer as a picture made up of light and dark points. 

Each picture point would correspond to one b inary digit 

(bit) and if a parallel representation was used each 

picture would contain many words. 
It appears possible that the ETTII could be adapted 

to function as an information store in an opto-electronic 

computer system(92)(93). If the information picture at 

the input is changing; rapidly a continuous record will be 

stored in the electron stream drifting down the tube. The 
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trapped electron image will oscillate back and forth in the 

tube being reflected at each mesh. Information can be 

removed from the store by opening the second gate in 

synchronism with the approach of the required electron 

image. 
The capacity of the store. 

The number of bits which could be stored in the tube 
would depend on the photocathode area and the length of the 

drift section. The number of separate information channels 
which could be coupled to the photocathode would depend on 

the spatial resolution obtainable. Referring back to 

chapter 7, fig. 7,14 it seems reasonable to include 4 x 4 

elements in each square mm. This density is easily 
resolvable even after 201 transits in the tube. With a 

4 cm diameter photocathode the total number of input 

channels theoretically possible becomes 

(YI.22) 16.102  = 2.104 	(1) 

The time resolution possible in the device would seem to 

be one nsec when considering chapter 2 fig. 2,5 and if the 

device were made with the lengths of acceleration and 

drift sections according to the expression derived in 

chapter 2 for compensation of time dispersion. Thus with 

a potential of 100 volts on the drift section 200 'slices' 

or pictures could be storeu in sequence. Coupled with the 

spatial resolution (from (1)) the total capacity of the 

store becomes 

(2.102) (2.104) = 4.106  bits. 

Gain requirements. 
The electron gain requirements if the device is to be 

used in a system depend on the quantum efficiency of the 

light diodes and photocathodes used. Considering fig. 9,2 
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let 

= quantum efficiency of the photocathode 
?= quantum efficiency of the light diode 

electron transmission through gate 1 and_gdte 2 

A = electrcn gain in multiplying section. 

If the device is tc be useful then at least two circuits 

(i.e. light diodes) must be driven from one output channel, 

to perform a logical step, hence 

AcY, 	5 2  ).c 2 is a necessary requirement. 

Thus 	A 	1 r 	is a necessary requirement. 

Bonin(94)  reports quantum efficiencies for gallium 

arsenide light diodes as high as 7% at 300°K. This 

quantum efficiency is defined by Boninasthe number of 

photons leaving the device to the number of electrons put 

in. This is more useful than the absolute quantum 

efficiency of the junction which has been reported to be 
approaching 100%. The loss in efficiency is due to the 

problem of coupling the light efficiently to the detector. 

Problems of total internal reflection and absorption are 

being investigated at present(95). Efficiencies as high 

as 10% in commercial diodes sewn to be a practical 
possibility in the near future. Thus a figure of 5% for 

is a practical estimate of the current state of the 
art. Bonin also shows the spectral response of the diodes 

to be sharply defined within the range 0.8 to 1.0;A. The 
S.1 photocathode surface is reported by many authors to be 

between 0.1% and 1% quantum efficient in this region. A 

figure of 0.5% for 	again seems to be a practical 

estimate. 
The absorption of electrons by the meshes in the 

ETTII was shown in chapter 7 to be about 30% for the mesh 
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material used. Shadow ratios of copper meshes can be 

considerably better than the type used by the author 

(50% shadow ratio) and 15% electron absorption at these 

meshes would thus be practical. 
Hence the electron gain requirements in the device 

become 

A 2/(5.103)(8.5.10-1)(8.5.10-1)(5.10-2) 1..1.104  

At least two possible techniques are available to achieve 

this electron gain. In the semiconductor detector device 

already mentioned an electron-hole pair is produced for 
every 2.5 volts incident electron energy. Thus a gain of 

104  is possible with electron energies of 25 keV. This 
type of detector has been incorporated into photo-electronic 

devices by Abraham et al.(96) who report that the detector 

was not affected by either the vacuum bake or the caesium 

used in processing the cathode. An oxide skin on the 
detector served effectively to protect the junction. The 

speed of response of Abrahams detectors was about 2 nsec 

but he feels further development is possible(97)  

An alternative multiplication technique would be to 

use channelled electron multipliers. The type of 

multiplier developed at Imperial College would be ideally 

suited(77), alternatively the resistive glass tube type 
could be used. Very little information is available on 

these devices as yet. A paper by Adams(98)  indicates that 

the channels could be reduced to a few tenths of a 

millimetre in diameter. Vague reports from America(99) 

indicate channelled image intensifiers with 30 1p/mm 

resolution are being made. The advantage of the channelled 

device would be the high gain possible. Gains of upto 

106 at about 1 kV overall potential are reported, coupled 
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with response times in the nanosecond region. 

Information retrieval. 
The store could be adapted to function in conjunction 

with a computer using either aserial or parallel processing 

system. 
In the serial system the bits of each word are 

handled successively in time. Thus a word could be stored 

in a serial system by feeding the bits in at one point on 

the photocathode until the whole word was in store. 
In a parallel system the whole word is fed in at 

once, each bit occupying a discrete position on the photo- 

cathode. The word now in store travels up and down the 

tube until required. 
The second electron gate used in the tubes discussed 

in this thesis would have to be modified if the device is 

to be used as a computer store. Two gating systems are 

possible. For the serial system the electron stream 

representing one word is allowed cut by opening a small 

gate corresponding in position to the region on the 

photocathode at which the word was fed in. The composite 

mesh structure indicated in fig. 9,3 cculd select one word 

from the information in store. The simple mesh is 
replaced by two sets of parallel wires held perpendicular 

and separate from each other. As shown in fig. 9,3 the small 

regions bouriclealby the wires corresponds to thearea in 
which a word is located. All the wires are electrically 
independent of each other and when held negative reflect 

the electron information. When any four wires such as 

A, B, C and D are pulsed positive the potential in the 
region bounded by PQRS rises sufficiently to allow the 

stored electrons to pass through. In this way by holding 

A, B, C and D positive at the required time the word 
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stored will pass through. 

In the parallel system the gating structure can be 

somewhat simpler, fig. 9,4. A word in the parallel system 

can be stored across a strip of photocathode. A gating 

structure of fine parallel wires, when negative will reflect 

electrons. However, pulsing a wire A, positive will allow 

electrons in the region PQRS to pass through. 	In this way 

a short pulse to wire A will select and gate out a word 

from store. 
Although information can be removed from the store very 

quickly the access time would in practice be somewhat longer. 

In common with all stores which are dynamic in nature the 

information is not ipmediately available: it can only be 

removed at a particular phase of the storage cycle. Thus 
the store would have cyclic access rather than random. This 
would mean that to remove any information from the store the 
necessary pulses must be timed to coincide with the approach 

of the relevant electrons tc the second gate. Up to twice 

the one-way transit-time might have to elapse before 

information can be removed and used. However, since the 

transit-time is controlled by the potential applied to the 
drift section, the access time can be reduced to approximately 

60 nsec by raising the drift potential to about 1 kV. 

A schematic reprusention of the device in use as a 

computer store is shown in fig. 9,5. Thu optical information 

is coupled to the tube on fibre optic light guides. The 

semiconductor detectors are built into the tube as shown. 

The current pulse produced in the detector is used to drive 

a light diode which sends an optical signal down fibre optic 

outputs to be coupled to the next logical elements. 

Large bandwidth information store for an oscilloscope. 

All the aiildications considered so fax make use of the 
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two dimensional or 'image' storing properties of the device. 

A completely different approach leads to the possibility of 

using sampling oscilloscope technieuesfor the display of singl 

electrical transients(100)(101) 

Cenventional oscilloscopes make use of wideband electroni 

amplifiers in order to control an electron beam  in a cathode 

ray tube with low level input signals. The limiting band—

widths possible at present are in the region of 100 Mc/s. 

Sampling oscilloscopes. 
The possibility of using sampling techniques was 

utilised by McQueen(102) as early as 1952. If the signal 

to be displayed occurs repetitively it is no longer necessary 

to display the complete waveform at one time. The sampling 

oscilloscope makes use of the repetitive nature of the wave—
form by extracting only a small amount of information from 

any ene pulse and building up the complete picture only 

after 100 or more pulses have been examined.(103) The way 

in which the final picture is built up is shown in fig. 9,6. 

The waveform to be displayed is shown at (b); it is asumed 

that a trigger pulse (a), always precedes it. At a time T 

after the trigger pulse, a sapling pulse, (c), is 
generated and is used tc inspect the waveform and produce 

another pulse, (d), proportional in amplitude to the part 

of the waveform inspected. Waveform (d) is then amplified 

in the period between pulses and is applied to the Y—plates 

to provide a vertical deflection. The process is then 
repeated with each successive input pulse, except that the 

delay, T, is increased by a small increment 	T each time, 

causing the sampling pulse to progress gradually through 

the w@rveform. As this happens the Y—deflection assumes a 

series of discrete values (e ) and it only remains to 
impart a standard coincident X—deflection (f) to the tube 
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for the original input waveform to be traced out as a series 

of dots (g). (Note the change of time scale between (d) 

and (e). 

Commercial sapling oscilloscopes (eg. Tektronix 661) 
are currently available with bandwidths cf up to 4000 Mc/S. 

In all these oscilloscopes however, the waveform to be 
displayed must occur repetitively. The possibility of 

storing a waveform in the drift section and sampling at 
successive approaches to the second gate is discussed below. 

Application of the ETTII to a sampling oscilloscope. 
The operation of the device in conjunction with a 

sampling oscilloscope is best understood by referring to a 

typical cut-off characteristic. The curves in fig. 7,1 can 

be considered as the 'voltage-current' transfer characteristic 

of the first gate. A typical curve is reproduced in fig. 9,7. 
If the potential on the first gate is held at +0.5V 

then the current passing through into the storage section 

is about one half of the maximum. Any variation in gate 

potential will have a corresponding effect on the electron 

current. In this way a density modulated electron stream can 

be produced and stored in the device. At each approach of 
the stored electrons to the second gate a short gating pulse 

can sample the stored information. The elbtron current 

sampled through the second gate can be used in conjunction 
with conventional sampling oscilloscope techniques to recreate 
the original waveform on an oscilloscope screen. 

In fig. 9,8 the potentials applied to(;atc are shown 
in detail. Normally the gate is biased to stop any electron 

flow (from A to B). A trigger pulse in advance of the main 

pulse is used to raise the potential from B to C, biassing 
the gate halfway along its characteristic to the working 
point shown in fig. 9,7. When the potential is stable at 
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this value the waveform to be displayed is applied to gate 
1 (from D to E). The bias to the gate is removed (from F 

to G) such that the total time from B to G is just less than 

one double transit-time for the electrons. The electrical 

connectionsto the first gate are shown in fig. 9,9. 
The stored electron information will oscillate back 

and forth with a double transit-time of T. The value of T 
will depend on the precise tube dimension and applied 
potentials. If the sampling pulse is applied to the second 
gate at intervals (T +t ), then at each approach of the 

stored electrons tc the second gate the sanpling pulse will 
be delayed by t with respect tc the electrons (fig. 9,10). 

Thus to sample through stored information only requires 

producing a series of pulses with a fixed time delay between 

each. This is in contrast to the conventional sampling 
oscilloscope where the sampling pulse delay is increased on 

each cycle. 
Preliminary work has shown that it is possible to use 

an avalanche transistor with a length of coaxial cable such 

that the output from the transistor travels down the cable 

and after reflection frcm the end returns to the transistor. 

If thu far end of the cable is short circuited the 

reflected pulse will be of the opposite polarity and can 

be used to turn on the transistor again producing a clock 
circuit. The termination of the cable can be a transistor, 
which when turned hard on acts as a short circuit, whilst 

when not conducting is effectively an open circuit. In 

this way the avalanche transistor can be arranged to free 
run at a frequency dependant only on the length of coaxial 

cable. The time for which the avalanche transistor free 
runs is controlled by the transistor switch on the cable. 
A block diagrlm of the arrangement is shown in fig. 9,11. 

The switch is held closed by the menostable multi-vibrator, 
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which determines the number of cycles performed by the 

'clock'. 

Bandwidth of proposed system. 
In considering the potential rise time of the device 

used as a large bandwidth store the time dispersion 
accumulated is of fundamental importance. As explained in 

chapter 2 only the first transit will make any significant 

contribution to time dispersion if the geometry of the 

storage section is designed according to the relationship 

that the drift section length is equal to twice the 

combined lengths of the deceleration sections at each end. 

To estimate the time dispersion accumulated on the 

first transit assume that the storage section is 57 cm 

long - 38 cm of drift section and 19 cm of deceleration 

section. Considering the characteristic shown in fig. 9,7 
if the working pt. is as shown at +0.5 V, then a signal 
swing of ±100 mV would be reasonably faithfully reproduced 
as a current. modulation. Thus the maximum electron energy 
tc be considered is +0.6 eV and, using red light a minimum 

of 0.2 eV can be reasonably assumed. 
Using these values the time dispersion on the first 

transit will depend on the gate-cathode spacing and the 

drift potential as shown in fig. 
gate-cathode 

spacing (cm) 

9,12a and 9,12b. 

time 

dispersion (nsec) 

1.0 5.0 

0.5 2.5 

0.1 0.5 

0.05 0.25 

0.01 0.05 

Fig. 9,12a 
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Drift 

potential 

(rx)lts) 

time 

dispersion 

(nsec) 
100 1.145 
200 0.564 

300 0.376 

400 0.287 

500 0.229 

fig. 9,12b 

Thus with a gate-cathode spacing 0.01 cm and a drift potential 

of 500 V a total time dispersion of approx. 0.25 nsec could 

be expected. 
The gating pulse applied to the second gate is also 

important when considering the speed of the device. Since 
5 V gating pulses are adequate to control the electron 

image subnanosecond gating is possible. 

The discussion in chapter 7 regarding the gating speed 

of the tube suggests that if the tube is gated from on-to- 

off rather than off-on-off switching speeds of about 

0.1 nsec are possible. This would not adversely affect 

the principles discussed for the functioning of the device 
as at each approach to the second gate the front portion 

of the stored information could be removed. 

It seems 	that rise times of about 0.3 nsec 

should be possible using the device in conjunction with 

an oscilloscope. 
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CONCLUSIONS. 

An electron transit-time image intensifier has been 

developed and investigated. The possible uses of such a 

device in the field of High Speed Photography have been 

illustrated. The device has been shown to be capable of 
storing an optical image in the form of an electron image 

for periods of up to 100psec with very little loss of 

either spatial or temporal resolution. Photographic 

exposure times of less than one nanosecond and frame 

repetition rates of up to 109 frames per second have been 

shown to be possible. 
The extension of the storage principle to a digital 

information store to be used in conjunction with a computer 

has been discussed. A capacity of the order of 106 bits 

of information with cyclic access times of less than 200 nsec 

have been shown to be possible. Information retrieved frclm 
storage could be amplified to operate logic elements in 

the computer in times of about one nsec. 
The device used in conjunction with an oscilloscope 

has been shown to offer the possibility of investigating 

transient phenomena using sampling oscilloscope techniques. 

Bandwidths up to 1000 Mc/s appear to be possible. 
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In referring to the biennial conferences on High 
Speed Photography the abbreviation HSP will be used 
where:- 

HSP:  2 - Second Congress 1954 Paris Dunod et Cie 
1956. 

HSP 3 - Third Congress 1956 London Butterworths 
1957. 

HSP1  4 - Fourth Congress 1958 Darmstadt Helwich 1959. 
HSP, 5 - Fifth Congress 1960 New York Society of 

Motion Picture and Television Engineers, 1962. 
HSP 6 - Sixth Congress 1962 Haarlem Netherlands 

Willink 1963. 
HSP 7 - Seventh Congress 1965 Zurich Switzerland. 
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