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ABSTRACT 

The primary objective of the investigation summarized in this report 
was to determine, through research, a basis for subsequent development of a 
highly sensitive optical to electrical transducer or television carnere tube for 
obtainirg useful images at extremely li« levels of illumination. 

An analysis of television camera tx'be limitations concludes that an 
advanced scanned optical amplifier of the image orthicon type, embodying suitable 
means of image intensification, is an effective approach to an ideal imaging tube 
performance limited only by statistical fluctuations of the input signal. Various 
means of intensifying the picture signal electronically, before the scanning 
process, are described. 

Image amplification approaches investigated include the use of front surface 
secondary electron emission from solid memberSn in order to retain the feature of 
low voltage operation. The feasibility of applying the principle of transmission 
secondary electron emission by the use of this film dynode structures on pre- 
scanning beam electron multipliers has been successfully demonstrated. 

Also investigated was the feasibility of reducing the energy distribution in 
the electron scanning beam to minimize noise sources in the tube.  In addition, 
a means was invented and 3hown to be feasible for minim4".ing spurious signals in 
pickup tubes when viewing scenes with extremely high contrast. 

The research has, therefore, accomplished its objective of supplying tEm 
basis for the development of a new type of scanned optical amplifier, having a 
sensitivity and resolution potentially better than that obtainable from presently 
known television camera tubes« 
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GLOSSAR! 

anisotropic conductivity - exhibiting different electrical conductivities 
along lateral and transverse axis of a dielectric target storing electric 
charges. 

back-scattered electrons - electrons emitted in the process of secondary 
electron emission with energies ranging from maximum energy for "true* 
secondary electrons to incident energy of primaries. 

chromatic aberration - variation in the focal length of an electron lens 
caused by a variation in electron energy. Analogous to chromatic 
aberration in geometrical optics arising from the fact that light of 
different wave lengths, passing through a lens, is refracted to a 
different degree leading to a variation in focal lengths. 

contact potential - small potential difference existing between the surfaces 
of two dissimilar metals in electrical contact, arising from the difference 
in work function of the metals. 

dark current - electron current associated with a photoelectric surface in 
the absence of incident radiation and with the application of an electric 
field. In photoeaisoive surfaces, the dark current arises from thermionic 
electron omission of the surface, while in photoconductive surfaces it 
arises from the semi-conducting nature of the surface. 

dynode - electrode structure exhibiting property of secondary electron emission 
when bombarded by charged particles and thus capable of effectir^ amplification. 

ebicon - television camera tube in which an electron image is produced by a 
photoemitting cathode and focused on an electron bombardment induced con- 
ductivity target which is scanned on its opposite side by a low velocity 
electron beam. 

electrical transducer - device for converting power from one system into another 
system. 

front surface secondary electron emission - condition in which secondary electrons 
are emitted on the same side of the bombarded solid as the incident primaries. 

Gaussian distribution - distribution of current density as a function of the 
radial distance from the electron beam axis, of the form: 

P    = Pc exp - Kr2 

where:    -■'    is the current density 
K    is the distance from the electron beam axis 

halation - phenomenon observed in an image orthicon in which a small bright image 
area in a darker background is surrounded by a dark ring and an outer bright 
halo. 

xi ii 



image arthlcon - television camora tut» in which an electron Image ia pro- 
duced by a photcemitting cathode and focused on an insulating storage 
target, which is scanned on its opposite side by a lev velocity electron 
bean.    Scanning bean electrons specularly reflected at the surface of the 
target return to a secondary emission multiplier structure and thence to 
anode of tube. 

Integration time - time during which signal in form of electric charge is 
being accumulated and stored on target plate. 

Isocon - television camera tube, similar to image arthlcon, with the exception 
that scanning beam electrons scattered at the surface of the target are 
permitted to return to a secondary emission multiplier structure. 

Johnson Noise - the noise produced by thermal agitation of charges in conductor. 

Maxwell-Boltzreann Distribution - distribution of velocities among the electrons 
emitted by a cathode, of the form: 

H    (v)    *    U 7/ N    /JI_V v2        exp      jfl£ 
\2 yicTJ 2kT 

where:    N (v) is the number of electrons with velocities between v and 
v+dv; N, the total number of electrons; m, the mass of an 
electron;  k, Boltsmarm's constant, and T the absolute temperature. 

paraxial ray - a ray which makes a very small angle with the optical axis of 
a system and lies close to the axis throughout its length. 

photocathode - an electrode used for obtaining photoelectric emission when 
irradiated. 

photoconductivity - phenomenon of change in conductivity of certain materials 
as a result of incident radiation. 

photoelectric emission - phenomenon of emission of electrons by certain materials 
as a result of incident radiation. 

raster - in television, a predetermined pattern of scanning lines which provides 
substantially uniform coverage of an area. 

resolution - term used to denote the process of defining certain repetitive 
patterns or the degree to which they can be discriminated. 

resolution chart - chart used to check the linearity, definition, and contrast 
of television systems. 

secondary electron emission - emission of secondary electrons from a solid due 
to the impact on the solid of charged particles.    Each incident particle may 
release more than one secondary electron, thereby resulting in a multiplication 
process. 

xiv 



sensitivity - the signal current developed per unit incident radiation density 
(i.e., per vatt per unit area). 

shot noise - noise resulting from the random nature of the emission and flow of 
electrons in electron tubes. 

spurious signal - signal originating from a source other than scene being imaged. 

transmission secondary electron emission - condition in which secondary electrons 
are emitted on the far side of the bombarded solid opposite to the side first 
struck by the incident primaries. 

target - electrode structure, usually a semi-conducting or insulating material, 
upon which radiant energy or charged particles are incident to provide a desired 
effect, e.g. storage of electric charges, secondary electron emission. 

Vidicon - television camera tube ID which an electric potential image is pro- 
ducod by a photoconductive cathode which is scanned by a low velocity electron 
beam. Changes in potential at the photoconductor surface gives rise to an 
electrical signal. 

work function - the energy needed to remove an electron from the Fermi level to a 
point outside the surface, an infinite distance away. 
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&CTXON I 

INTRODUCTION 

This work was undertaken at the request of the .'/right Air Levelopiuent Center 

to determine through research a basis for subsequent development of an optical to 

electrical transducer or television type pickup tube for obtaining useful images 

with extremely low levels of illumination, ^lthouj^h tne initial statement ol"  work 

was broad, and a general survey was mace of the possible approaches to more sensi- 

tive optical amplifiers, the detailed course of this research was guided tnrougn 

frequent conferences between the contractor's scientists and the Air Force Task 

ocitntist.  In particular, the topics investigated unuer this contract were chosen 

so that they did not duplicate work being performed in other laboratories, t.nu the 

choice of approaches was made after considering tne ultimate application of any ue- 

vice wuich might be developed as a result of this research. Hence, ruggedness, 

compactness, use of flat input photosurfaces, and in particular use of as low tube 

operating potentials as possible were considered desirable features and approaches 

were favored whose principles did not rule out these features. 

The approaches investigated included use of large aret. input pnctocathodes in 

conjunction with suitable light optics to collect as large a number of li^ht quanta 

as possible, und subsequent aemagnification of tne electron image to concentrate 

this information for easier uetectability. AISO investigated was the feasibility 

of reducing the energy spread in the scanning beam to minimize noise sources within 

the tube.  Imaging pre-arnplif ier structures were used to intensify tue picture sig- 

nal electronically before the scanning process, in wnich front surface secondary 

emissi ID fron solia members was used to retain the feature of low voltage operation. 

A ..tans was invented and sho..n to be feasible for minimizing spurious signals in 

jickap tubts when viewing scenes rfith extremely hith contrast,  finally, and iuoat 

successful, trie jaenomenon of transmission secondary electron multiplication in thin 



films, invented und developed at the .^estinghouse Research Laboratories, has been 

used in the design of an imaging preamplifier to complement tne structure of the 

image ort.iicon, tne most sensitive camera tube in general use toaay.  ns shown in 

the body of this report, experimental tuoes assembled using this approacn have had 

jre-am^lifier gains of 2$  with an adaed tube operating voltage of only 7000 volts, 

and have reproduced pictures with 500 T.V. lines per inch resolution at the photo- 

catnode and 3 shades of (prey.  Tae research has, therefore, accomplished its ob- 

jective of .upplyin^ the basis for the development of a new type oi'  scanned optical 

amplifier, having a sensitivity ana resolution potentially better than that obtain- 

able from i'ny stanaard camera tube, anu also from those developmental tubes with 

which we are familiar«  .especially important is the fact tnat this type of pre- 

amplifier coulo. in a subsequent tube development be combined with a sensitive multi 

alkali-photocathoce, with a speci-1 thin film charge storage element or target with 

high seconaary emission ;:ain for improved sensitivity anu improveu resolution and 

integration, anu with alternate methods of electron beam scanning for improved sig- 

nal to noise ratio and wider dynamic range,  ifigure 1 is an outline drawing oi'  a 

tub« which was described in a proposal submitted to the Llectronic Technology Labor- 

atory of ..right rtir Development Center as an outj^rowth of this program. 

In the boay of this report, tic first section is a .eneral description of the 

>pi "•t l n .>:' present day television camera tubes ana their performance limitations. 

In iarticular, the principles of operation oi tne image orthicon, the most sensitive 

television camera tube in general use today, on wnich most of the experimental ap- 

lches were based, are reviewed. 

Tue second section discusses tne limitations to "seeing", or image formation 

at low litht levels imposed by tne quantum nature of li^t and the randomness of 

• i electron emission.  This section is necessary to explain wny certain approach- 

es were followed,  nd t.o estimate the ultimate limits set by'natural la^s wnicn will 



Limit our ability to see "in the cark". Included also here is a discussion of the 

effect of noise sources within the tube. The remaining sections, which form the 

bulk of this report, describe the experimental api-ro^caes taken, tne decree of 

success achieved, tue reason3 why some approaches were dropped, and mathematical 

analyses where appropriate, ivn attempt has been made to be reasonably complete so 

that other workers may ouilu on the results of tnis work ratner tnan starting from 

the be^innin^, if they aecide to investigate furtner some of tue approaches which 

..'c have droj ped or shelved in favor of more promising avenues. 
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aiCTION II 

R\IüCIlrHv5 0/ Tj&JcVIälüU CjthfcR* TUBE OPÄRaTXQN 

1. imODUCTIOM 

The basic purpose of a television camera tube is to translate the information 

contained in an optical Image into an electrical signal suitable for transmission 

over a transmission line- or radio link. To ao this, tae tube must perform at least 

two basic functions,  first, a photosensitive member is used to translate the 

brightness pattern in the optical image to a corresponding electrical pattern. 

.Second, tne intensity of each small area of the electrical image is measured in turn 

to generate an electrical signal wnose amplitude varies in time; the type of signal 

.mich can be transmitted over a distance.  This scanning process may oe considered 

as a type of mathematical trans-formation in which the brightness or intensity as a 

function of position in the picture is transformed into intensity or amplitude as a 

function of  time. The signal thus gent rated is normally fed to a vacuum tube or 

transistor amplifier, then through the appropriate circuits for broadcast of wire 

. mission,  fresiue these two essential functions, all modern camera tubes contain 

at least one and frequently three other functions.  Tnese are, respectively, a 

provision for tne accumulation and storage of electrical picture information ahead 

of the scanning proces..,, always included; a provision for amplification of tne 

elictrical image information ahead of the scanning process, often included;  anu a 

.: vision within the tube for electronic amplification of the television signal be- 

fore it is fed to the vacuum tube or tae transistor video amplifier* 

aecause tacn of these five functions may be performed in various ways, and be- 

cause several desirable combinations t/.i_t, taere were a number of camera tubes in 

use or unuer development at the time this researcn was begun.  Tne most popular 

tubes were variations of the vidicon, in which the inti.tial transformation from tue 

optical to electricul i.age is accomplished With a thin pnotoconductive layer wnich. 



also provides tue image storage function« and tne imabe orthicon, in which a photo- 

ami s:.ve surface provides the initial transformation and image storage is accom- 

plished on a separate charge storage element kno..n as the target.  The chief au- 

vantages of the vidicon are small size and operating simplicity.  The image 

ortnicon, while larger and requiring more complex equipment it far care sensitive, 

having tue ability to generate quality television signals from a scene illuminated 

by moonlight« Tubes under development in various laboratories aurin^ the contract 

period from 1-^arch 1^3° to .august 1939 included the image isocon, tne intensifier- 

image orthicon, the electron multiplier vidicon, the ebicon, the image orthicon 

with secondary emission image amplifier, image orthicons in which high ^ain was 

achieved by improved secondary emission from the target, ana modifications of these 

types for ruggedneso, higher output signalt or other special operating features. 

To unaerstanu the advantages of each of these camera tube variations, theiz 

operating limitations, anu the directions in which improvement can be made, one 

must first understand the operation of the two basic modern camera tubes, the viui- 

con and the image orthicon. 

a.  Tne Vidicon 

The vidicon, the simplest of moat-rn camera tubes, is pictured in jfi^ure 2. * 

cross section view of the tube, which indicates the essential parts and tue manner 

of connection of the electrical output signal to tne video amplifier is shown in 

figure j.  /i camera lens is positioned to form an inverted real optical image of tne 

scene to be televised on tne photoconductive coating on tne inner surface of the 

glass face.  The photoconductor« often antimony trisulfide or amorphous selenium, is 

a fairly good in; Q ■:  /r unless exposed to lignt.  ./hen light falls on tne thin layer, 

charge carriers are formed within the film at a rate which is a function of the in- 

:ty of illumination at each point. ^ potential difference is maintained across 

1 \&   photoconductor lay«.r during tube operation so that tnese charge carriers give 



rise to an electric current through t:ie layer which varies from point to point as a 

function of image bilghtness.  If a fixed potential is applied to tue front or 

glass side of t.ie photoconductor« and a different« say more negative, fixeu poten- 

tial is initially applied to tiie back or free siue of tne photoconductor« this flow 

of current through tne layer will soon give rise to a voltage pattern on the free 

side, in which more positive areas will correspond to brighter areas in the picture. 

The process may be visualized by considering the photoconductor as if it were divid- 

ed into a large number oC  small areas, each as small as the finest detail we intend 

to reproduce in tne picture.  ->uch imaginary small areas are known as picture ele- 

ments.  tach element may, as indicated in Figure h,   be thought of as consisting of 

a capacitor, having as its plates the front or glass surface ana the free surface 

of tae layer respectively, and as its dielectric tne material of tnelayer.  This 

elemental capacitor is shunted by a resistor whose value is very lar^e when tne ele- 

ment is uni Humiliated« but which decreases in resistance as the illumination is in- 

creased,  rtt tic beginning of each picture taxing interval, or frame time, each ca- 

pacitor is charged to a fixed potential difference. Luring each picture taking 

interval, this charge leaks off through the snuntlng resistor at a rate dependent 

on the illumination«  The front or glass sides of the elemental capacitors are kept 

at a eu;ij..on essentially fixed potential, since tne inner glass surface is coated 

with a transparent electrically conductive coating, usually tin oxide.  This coating, 

which forms the signal output electrode for tne tube, is connected to a power supply 

thr :ugh a load resistor, as shown in figure k.    «t the beginning of a picture taking 

interval, tne free side of each elemental capacitor i.s charged to the same voltage, 

more negative than the signal electrode supply voltage. At the ena of a picture 

taking interval, eacn elemental capacitor will be partially discharged anc tne dif- 

ferent b*  tween the voltage founu at its free terminal and the initial voltage will 

be a measure of the intensity of illumination on that element of tne optical image. 



Figvire 2.     7325 Vidicon 
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This geometrical pattern of a voltage varying as a function of position on the sur- 

face can be converted to a time varying signal suitable for transmission by the 

scanning process. 

In a vidicon, as in most other camera tubes, scanning or reacting the signal 

from the storage layer is accomplished with an electron beam.  The electrons origi- 

nate from a thermionic cathode and are formed into a beam in the electron gun at the 

right end of the vidicon as shown in Figure 3»  The electrons are accelerated to a 

potential of J00 or more volts as tney pass through the electroues labeled Cr? ant^ 

G,, and are focused under the influence of an axial magnetic field supplied by the 

focus coil to strike the free side of the photoconductor in a small area or spot. 

The electrons are decelerated in the region beyond the field defining mesh Ck, to 

strike tne photoconductor with an energy of only a few volts. x.t  this energy, the 

secondary emission ratio is much less than one, that is, most of the beam electrons 

which strike the surface will remain there, and no or at most very few secondary 

electrons will be produced.  The energy of the beam electrons reacning the surface 

will depend only on the difference in potential between the free surface of tne 

photoconductor (and the thermionic cathode in the electron gun.  It is necessary for 

normal vidicon operation tiiat the beam electrons land and result in a more negative 

charging of the surface. For most materials, low energy electrons do land, but as 

the energy of the electrons increases, an increasing number of secondary electrons 

are liberated from their bonds within the material and leave the surface. To in- 

ure tnat the free surface of  the photoconductor never reaches voltages so positive 

with respect to tne cathode that tne number of secjnaaries exceeds the numoer of 

. electrons, the potential of the signal electroue or conductive facetting layer is 

made only a few tens of volts positive with respect to the gun cathode.  If tne 

electron beam is now directed at one element of the surface, electrons will lund and 

i t:ie free surface of that element negatively with respect to tne signal 
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electrode sutply voltage, .electrons will continue to lanu until tae potential of 

the free surface is equal to the potential of the thermionic cathode, except for a 

small correction constant to include the effects of electron emission velocities, 

of «/ork function and of contact potential differences,  «.t thifl point,  it becomes 

energetically impossible far more electrons to reach the target surlaoe. 

In practice, the electron beam is not directed continuously at one target ele- 

ment, but is deflected to land on all of the target elements, one after antoher, in 

a geometrically fixed scanning pattern.  In normal entertainment television practice, 

scanning of the entire picture is accomplished once in each 1/jO second.  Thus the 

beam lands on any one element very briefly and only once in 1/JO second.  If the 

beam is made to scan the entire target surface several timea while no light is fall- 

ing on the photoconeuctor, all of the elemental capacitors will be charged to the 

voltage difference between the signal electrode voltage and the cathode, ana essen- 

tially no further beam electrons will reach the target.  If light is allowed to fall 

on a picture element immediately after it has been scanned, the potential difference 

across that elemental capacitor will drop at a rate depending on the illumination 

level until the beam returns 1/jO second later,  l^ny beam electrons can now land on 

the illuminated picture element. The beam current is normally set to a relatively 

high value, JO that in the very brief time that the beam is aimed at the element, 

enough electrons land to recharge the capacitor to essentially its initial light 

value.  That is, the free surface of the illuminated element is returned essentially 

to cathode potential, and that element is ready to receive more information,  oince 

the electrons landing on the element arrived in a very snort length of time, the 

current pulee they constitute is coupled to the signal electroue by the capacitance 

of the element, and appears as a pulsa of current in the sit/ial electrode lead, and 

hence as a voltage pulse across the load resistor which is fed to the video amplifi- 

er.  <Ve have considered a case in which only one of the elements was illuminated, 
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In practice, tiie whole pi.otoconductive area will be illuminated with the image of 

the scene to be televised.  Thus some of the beurn will land on eacn of tiie elements, 

more on those which have been more brightly illuminated, and this landing current, 

coupled to the signal Jeuu, constitutes the video signal. 

It is important to note that the signal read from each element is a function of 

the average li^ht intensity falling on that element aurinfc the ^.receding 1/jO second. 

Thus, to a fair approximation, the tube will respond equally well whether continu- 

ously exposed or whether the light is made to arrive at the photoconauctor in one 

short pulse durin<_, a frame time by u..;e of a camera shutter or possibly of a pulsed 

light source to illuminate an otnerwise darkened scene. 

3ince each element of the photoconductor can receive light and store infor- 

mation all the time, the vidicon's sensitivity is high compared to earlier types of 

camera tubes like the image dissector. Also important is the inability of the vidi- 

con, or any other camera tube, to follow motion which takes place in a time snorter 

than frame time. Obviously, such motion could only result in a smeared image unless 

a pulsed lijjit or similar means were used to freeze motion during each exposure. 

The vidicon type camera tube whose operation has just been descrived, ia very 

sin] le and operates in simple equipment. If Buffers from limitations wnich at pres- 

ent restrict its usefulness.  These are low sensitivity when compared with other 

camera tube types, and lag, that is inability to follow rapidly cnangint, scenes be- 

cause the act of scanning does not completely erase the image information stored on 

an element during the preceding frame» 

To understand tne sensitivity limitation, *Te must consider the input circuit uf 

th< vi„;  unj lifier\ into which the signal is fed.  It con Le shown for a well ae- 

si :ied low noise vieeo amplifier using an unpeaked camera tube load resistor circuit, 

but in which the gain versus frequency curve of the entire system is equalized at a 
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later stage, tuat a spontaneous fluctuating signal will a^ear at tne amplifier 

terminal• which is caused by electronic motion in the camera tube loud resistor. 

Knows as "Johnson noise"  this fluctuation could only be reduced by operating tue 

resistor in a cryostat at a very low temperature.  Calculations bas°d 

on fundamental themodynamic considerations show that this fluctuation signal has 

an equivalent fd-iO value of about 2 x 1C ' amperes,  oince it is always present, 

this fluctuation or noise signal sets a lower limit to the current signal from the 

camera tube which will produce an intelligible picture. Although detailed stuuies 

acscribed in a later section indicate that the huiaan eye can detect a picture whan 

the video signal to fluctuations ratio is considerably less than unity, it is found 

experimentally that the vidicon ceases to produce a detectable picture when tiie 

light level is reduced so that its output signal current is in the order of 10~9 

amperes. 

Thus any attempt to improve the low light level performance of the vidicon de- 

pends on increasing tue output signal for a given amount of light falling on the 

photoconductor.  «ithin the structure of the tube as described there are only two 

ways of accomplishing this. First, the scanning standards may Le cnanLed so that a 

picture is read out only every tenth of a second, or every second.  In this case, 

more li^at energy will hare fallen on the photoconuuotor and a larger signal can be 

produced, although at the expense of a lessened ability to detect motion.  3econd, 

and mor» desirable, tue photoconductive layer may be modified to improve its effec- 

tive n. i at translatin, energy into an electric..1 charge pattern.  Unfortunately, 

th< physics 01'  tne photoconductor are such tuat increased sensitivity is most easily 

... 1 at the expense of inc MB] lete erasure during the scanning process and hence 

of dec]       Llity to folio.; rapid motion. 

ition of *   . toconductive layer may De visualized approximately a3 fol- 

lows. I:, th     , very few charge carriers exist in tue layer. Jhen light falls 
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on the layei, the energy of some of those lignt quanta which are absorbee. is trans- 

ferred to electrons within the layer, raising tuein to the conduction band and usual- 

ly permitting both the electrons and the vacancies or holes they left behind to move 

through the solid.  If a potential difference is set up across the layer, the holes 

will move toward the more negative surface, the electrons toward tne more positive 

si rial electrode. 

It was expected in accordance with this explanation that if a given number of 

light pnotons were absorbed by the surface in a given time, a current equivalent to 

a iomewhat smaller number of electrons would be conducted through the film« actual- 

ly, unuer some circumstances, the charge transferred ^as equivalent to a number of 

electrons larger than the number of photons. This apparent inconsistency is explained 

by reasoning taut if a charge carrier leaves one side of tue semi-conuuetor layer, 

another may be injected to take its place.  The general relation characterizing photo- 

conductivity can be expressed as n = ft.  The relation between the current flowing 

through tue l^yer and tae number of charge carriers creasteu i.,-. 

i = n« uE, 

where: 

f is the number of charge carriers create» per second per unit 
volume by the incident radiation 

a  is the        ' ite increase in tne aen.Jit;/ of caarge car. 
created by tae inci-ent li, ht flux 

t ia the life time of tae carriers 

e i - the electronic charge in coulombs 

a i.i the mobility of tae carriers 

L  i. the applied electric field 

It is important to note taat t, tae lif< 1 ...• , ..     i ■.•■ raj I . . •  as lon<_ 

... carrier to pass * .       .    because of 

thai .-    . .  ..'ill be     ed to tak< iti place« It 
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is customary to Oierate a vidicon with as high an electric field, £, across the 

layer as possible in order to maximize the signal current. Under the control of the 

physicist developing the layer are the quantities f, u, and t.  /or sensitivity, it 

is desirable that all of these be increased. Unfortunately, an increase in t may 

mean the development of an undesirable memory for events that happened in a previous 

scan.  It is generally true that experimental ay^roaches to incrase vidicon sensitity 

can most easily be made at the expense of  Increased lag. 

Whether because of the in.iection of additional charge carriers at the electrode 

surface or because of the transit time of carriers through the photoconuuetive layer, 

no modern vidicons can be operated at normal television scanning rates in such a man- 

ner that totally new information is presented at each 1/jO second frame time. .Nor- 

mal testing procedure for these tubes call for imaging a stationary scene, anu for 

removing the illumination abruptly after stable operation has been achieved.  Using 

an interlaced system, one would expect to find information in the first two fields 

scanned after removal of the illumination, even on an iueal tube. In normal testing, 

the amount of signal remainin_, on the third field is checked as a measure of per- 

sistence, and figures of 20 to l±Q%  remanent signal compared to the initial steady 

state value are common. On the other hand, certain vidicons operated in slo<; scan 

service, in which the tube may be flash illuminated and then scanned after a period 

of several seconds, show much more complete erasure of information during read out, 

indicatin that the transit time of the charge carriers contributing to lag through 

the i-hotoconductor may be the most significant factor.  The la*.; or persistence phe- 

n< briefly d( scribed here are far more pronounced at lo,/ light level. The rema- 

in nt signal appears to follow a decay curve rfith a large initial slope which changes 

to in« with a long time constant for low level signals.  This can probably be ex- 

pl of the effects of shallow traps within the photoconsuctor wnich 

fill during exposure, but empty gradually, rel<  ... ;arriers for some time after 

t.ie exposure is complete« 
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Despite Ita small size ana technical and operational simplicity, tne lev sens- 

itivity obtainable from the vidicon and the lag effect just uescribed made it rela- 

tively undesireable as a starting point for research on camera tubes intended for 

high sensitivity applications. 

b.  The linage Orthicon 

The second popular camera tube today is the image orthicon.  Invented at the 

R.C.A. Laboratories during World Jar II, it was first described in an article, "The 

linage Orthicon - A sensitive Television Pickup Tube", by Albert Hose, Paul K. Reimer, 

and H. B. Law, published in Proceedings of the I.R.E. 2k -  7 - 4^4» i-n July. 194b» 

Its primary advantages are its great sensitivity, its ability to accommodate rather 

wide variations in illumination level ..'ithout saturating, ana an action which tends 

to overpeak white to black transitions to make the picture appear crisper tnan on 

other types of camera tudes.  Its disadvantages are related to the second unu third 

advantages.  Altnough the tube does not saturate at comparatively high light levels 

in the sense that a photographic film saturates when overexposed, the gray scale 

rendition is nut faithful for brightly lighted scenes.  Further, the electron redis- 

tribution effect, Jnich accounts for the crispening of white to black transitions, 

also results in the generation of s^ui'iou^ signals in some types of operation, ül^o 

v .nt.-.ge art tne large physical size of the tube and of its associated compon- 

ents, the complexity of the associated circuitry, ana the numerous uujustments which 

must be made ana maintained to keep tube ana camera in top operating condition auring 

a telecast«  --'artner, one major tube element, the storage tartet, represents a com- 

. •   lign for normal jO frame per second entertainment television sctni.ii^; 

standards, so taut the standexd ^ 20 ar 719^ image orthicon is basically unsuited 

for slow  ■ :.  plications. To un^erstana the reasons for these limitations, and the 

directi m    In ...lieh the design af taese tubes ..... it=  L.^i^vea, one must con-iuer tue 

.lion ol the image ortaicon in detail. 
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^s shown in Figure 5i a leBSi positioned to the left of the tube is used to form 

an optical image of the scene being televised on the photo emissive layer which has 

been deposited on the inner surface of the optical quality faceplate at the left end 

of the tube.  The function of this layer is to transform the optical image into a 

corresponding electrical image by emitting electrons to the right into tue interior 

of tne tube when light falls on it from the left. The number of electrons emitted 

at each point is, under normal circumstances, directly proportional to the intensity 

of the illumination in the image at that point. 

The electrons are accelerated to the right through the application oi.'  a potential 

difference of several nundred volts between the photocathode and a thin copper mesh 

located about 1.8" to the right, anu an a.cial magnetic focusing field is supplied by 

a  solenoid which surrounds most of the tube. The distance between the photocathode 

and tue mesh and the voltage difference applied between them are so chosen tnat 

electrons which leave tue photocathoae with a component of velocity perpendicular to 

the axis of the system describe one loop in the magnetic field before passing through 

the mesh and striking the glass membrane or target located just beyond it. Thus, 

to a first approximation all electrons leaving one point on the photocathode can be 

made to strike one point on the glass target.  Those having a larger initial rauial 

velocity comiontnt will describe larger loops, but since all electrons will require 

the 3ame time to describe one loop, whatever the size, all will converge as they ap- 

proach the target,  ij.eetrodes designated as Go and target support cup in Figure ^ 

are supplied .;ith jroper voltages to set up a reasonably uniform electrostatic ac- 

C( L( r ';:.; :'i< Id in the region between the photocathode and the mesh. In practice, 

lot:, thi magnetic sn^; the electrostatic ficlu lines tend to flare slightly toward 

thi phol iathode so that both fields are weaker in this region. 

Ttu   electrons passing through.the mesh strike the glass target *ith sufficient 
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energy so that several secondary electrons are released from the target surface for 

each incident primary electron. l-£>st of these secondaries are collected by the mesh, 

which La normally maintained a volt or two positive with respect to the surface of 

the glass target, Jience, after a short period of time, a positive charge pattern 

will be set up on the target, in which more positive areas will correspond to 

brighter areas in the optical image« 

The rear or right liana side of the glass target is scanned by a low velocity 

electron beam in the same manner as has already been described for the vidicon. A 

beam of electrons originates from a thermionic cathode whose potential ia close to 

that of the surface of the glass target.  The electrons are accelerated toward the 

target by voltage applied to electrodes labeled G^j Gj, and GL, and focused by the 

axial magnetic field from the focusing solenoid. In the region just to the right 

of the target» the beam passes through a decelerating field caused jointly by the G/, 

or wall coating electrode, Gt or aecelerating ring, and the target itself.  If the 

target is negative with respect to the surface of the cathode from which the elec- 

trons originati d, it is energetically not possible for the electrons to reach the 

target surface» If it is slightly positive, electrons can land on the target. 

Tn.se statements ignore the effects of electron emission velocities, contact po- 

tential differences, am. work functions or electron affinities. The beam is caused 

to scon tne target surface by the application of two sets of magnetic deflecting 

fields in the region between the electron fcun and the target. 

Those electrons which do not land, or which are reflected as they strike the 

It surface, are momentarily stopped near the right hand surface of the target in 

electrostatic field which acts to urge them back toward tne electron gun at t:,e 

t ind of the tube.  These electrons will be refocused by the solenoiual magnetic 

field, but the influence of the second pelage through the magnetic deflecting field 
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will be to cancel the first. Thus the returning, beam will be focused and will strike 

the end of the electron gun not far from its point of origin. This returning elec- 

tron beam will be shown to carry the video output signal information. 

To amplify this signal in a relatively noise-free manner before it is fed to 

the video amplifier, the return beam is fed to an electron multiplier structure.  To 

provide an effective first secondary electron emitting electrode, the end of the gun 

structure la covered with a metal cap, dynode ^1, which has been ".oated with a sec- 

ondary emitting material s ich as beryllium oxide, chronium oxide, or aluiiiinum oxide. 

A  very small hole is provided in the center of this cap to allow passage of the 

primary electron beam.  Each electron in the returning beam strikes the first dynode 

with sufficient energy to release several secondary electrons.  These in turn are 

accelerated into the pinwheel multiplier structure, secondary emission gains for a 

typical five-stage electron multiplier are between 300 and I50O. The output current 

is closely proportional to the current in the return beam. 

To understand the operation of the ii..age orthicon, assume that the electron beam 

is caused to scan the target in a standard television scanning pattern while no 

light falls on the photocathode. Electrons will be deposited until the target sur- 

face has been uniformly charged to a potential equal to or just less than that of tne 

thermionic cathode and the entire beam is being returned to the electron multiplier. 

Next assume that an element of tne photocathode is illuminateü immediately after the 

beam has scanned the corresponding element of the target.  Electrons are emitted 

from the photocathode element, and accelerated and focused onto the corresponding 

target element. .Secondary electrons leave tne target element and are collected by 

the mesh, which was initially set to be a few volts positive with respect to the 

dark potential of the target.  Luring tne l/30th second before it is next scanned, 

therefore, the target element la charged more positively, approaching the potential 

of the collector mesh at a rate depending on the brightness uf tne corresponding 
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photocatnoie illumination,  .«hen tue electron team returns to scan tne element, 

charge is deposited on the element to restore the scanned surface again to gun cath- 

ode potential. Therefore, curing the instant that the beam scans the element, the 

beam current returning to the multiplier, and nence the multiplier output current, 

is reduced.  If the target element has not reached mesh potential between scans, the 

reduction in output current is nearly proportional to the intensity of photccathode 

illumination at the corresponding element. 

Normally the entire photocatnoce is Illuminated when a scene is imaged u^on it. 

In this case the charge with respect to its uark potential which each element of tue 

target acquires between scans is, for low light levels, proportional to tne bright- 

ness of that element of the scene, and the current in the return beam is correspond- 

ingly reduced ay that element is scanned.  This return beam current from the scann- 

ing beam therefore carries a signal varying in time corresponding to brij^htness vari- 

ations in the picture. Amplified by the electron multiplier structure, it is fed to 

the video amplifier and to suitable transmission circuits. 

To understand the limitations of the tube this first order explanation of image 

orthicon operation requires some refinement: 

1.)  The Jirnal Transfer Characteristic 

Curves shoeing typical output video signals as a function of photocathoue il- 

lumination levels for three types of image orthicons are shown in rigure b.  In tak- 

ata for these curves, the mesh potential was set to be two volts positive with 

respect to that value which caused, the picture to disappear<ly preventing team elec- 

trons from lanuing. AS indicated above, tne output signal is essentially proportion- 

al to the in;ut illumination for dimly Lighted scenes. At these illumination levels, 

eacii target element acquires a small positive c;:arge uuring a frame time, but its 

•■ tial Immediately before scanning is still appreciably more negative tnan the 

collector mesh« AS the illumination level is increased, however, the voltate .iwing 
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Of an element between scans a^roaches the mesh potential more closely, and the ef- 

fectiveness of the mesh for collecting secondary electrons is reduced. Thus an in- 

creased flux of pnotoelectrons Goes not produce a corresponding increase in the 

positive charge pattern stored on the target, and the slope of t:ie transfer curve de- 

creases.  For tubes like tne 7198 with comparatively wide target to mesh spacing, in 

the oruer of .100", tne c.iange in slope of the transfer characteristic is gradual. 

For tubes with small target to mesh spacing, .002" for the 5820, .0003" for the 

6li7^/13ij2|, the slope cnauiges abruptly from a proportional region to one in which the 

signal from white objects increases almost not at all as the illumination is in- 

creased.  This point of sharp transition is known as the knee of the transfer charac- 

teristic. 

Although the transfer characteristic for the 5320 end the t>k7k  inuicates nearly 

complete saturation, the reproduced picture of a scene containing a number of brij^ht 

areas all of which are over the knee shows a brightness difference between them. 

This rather surprising result is caused by the redistribution back onto the target 

of secondary electrons which are not collected by tue mesh. The secondary electrons 

from tne brightest area fall back on tnat area but also on all otaer nearby regions 

of the target« Taus if two aajacent bright areas are botn over the knee, the larger 

current oi"  :■ i tributed secondaries from the brighter reduces the signal current to 

Lea bright area, especially near the line of demarkation between taem. ~>ince 

T ..e eye is v ry sensitive to changes in brightness across a dividing lint, but not 

to gi  lal changes in brightness, the observer sees several s..aues of grey in tne 

. ;icture even though all grey areas by tnemselves are over the knee. 

redistribution o:' secondary electrons fro., a high signal area un the pnjto- 

.« ■ i la of tne target also tends to reduce the signal fro.., adjoining career 

:. n< jvpr the knee. Thi3 effect, which beoomea str< 
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if the trijjiter object is over the knee, products an artificial cris^ening of black 

to white transitions and an impression of improved resolution in the reproduced 

picture, Jince tnis effect is subjectively desirable, television camera men in 

broadcasting studios normally operate their cameras so that the brightest objects in 

the scene will produce a pnotocathode current density which is two to four times the 

value for the knee. This mode of operation also improves the signal to noise ratio 

in the darker parts of the display. 

Although these secondary electron redistribution effects give a aesirable ef- 

fect in some circumstances, they are undesirable in many others. For example, a 

single very bright object in a -scene can obscure trie information in surrounding dim- 

ly li hted areas by charging the corresponding target elements negative to black. 

This appears as a large black halo around the reproduced image of a bright spot. 

Th< secondary electrons from a positively charged bright area on the target can 

charge surrounding areas relatively negative because the average emission ener^ of 

the seconaaries is of the order of two electron volts. 

A typical charge-discharge cycle for a target element in a ^620 or 62^4 is 

shown in figure 7. As indicated« the charging rate between scans is proportional to 

light level, and constant with time until the target element approaches mesh po- 

•i itial. For a large area of constant illumination, the target and mesh can be con- 

sidered like a planar uiode. For normal light levels, the initial diode current im- 

aediately after a scan, ..:;en the target collector voltage is approximately two volts, 

is essentially emission limited and hence proportional to the pnotoelectr^n current. 

J\S  t.ie target apj potential, the collection current decreases, partly be- 

■  : ■  .  . .rtly because of tue poor collection efficiency of the 

Ary elections who 3«   .  ion ener    ... .erat-ly exceed the 

1   L1  e at this time. Figure 5 shows typical paths for some of tue.' 
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Some electrons strike mesh 
on second transit 

High energy back 

scattered electrons 
return to target 
far from origin 

Mesh 

Target 

Some electrons strike 
mesh on first transit'y 

0 /CLTS  |_ 0 VOLTS 

Mesh at 0 volts with respect Mesh at 2 volts with respect 
to target. Very weak field at to target. Field at mesh bends 
meoh results from voltage at secondary electrons toward 
photocathode, has little in- mesh bars increasing collection 
fluence on secondary electrons efficiency. 

ELECTRON TRAJECTORIES IN REGION OF IMAGE ORTHICON TARGET 

Figure 8.  Typical Paths for Low Energy Electrons 
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lo.i  energy electrons«  Fassing t:irough the raesh, they are reflecttd buck to.;ard the 

target by the field from tae far more negative photocathode. oince tne mesh is 

usually 6^-70« open area, 70& of the sconaaries pass through initially, ana 70*> of 

these return to the same or neighboring target elements. The close spaced tubes 

;>how a sharper transition region because of the stronger extraction field at the 

target produced by even a slightly positive collector mesh, ana the reduction in 

space charge effects. 

The value of illumination to reach tne knee of the signal transfer curve may be 

calculated for the j>820 and 6i|74 by assuming that the capacitance between each tar- 

get element and the target mesh is large compared to inter-element capacitance.  To 

simplify trie mathematics, all elements are considered to becharged as a unit, so 

that tne target ana mesh can be regarded as a parallel plate capacitor, i'or the 

^820, the target mesh spacing is .002", the scanned area of the target is 1.1?" x 

.84", and the calculated target mesh capacitance is 106 microfarads.  To discharge 

such a capacitor in 1/30 second at a constant rate from an original 2 volt charge 

-9 requires a current of b.4 x 10  amperes,  ibr a ^»820 with a t>0/b transmission col- 

lector mesh, and assuming a secondary emission ratio for the target of 1|, a target 

mesh assembly gain 0=T ( 6 -1) = 1.8 is realized wnere T is the optical transmis- 

sion of the collector mesh and o is tne secondary emission ratio at the target. 

Hence the calculated charging current corresponds to a photocathode current of 

3.6 x 10"9 amperes« Assuming /|0 microampere per lumen pnotocatnoGe, and an illumi- 

nated area of 1.28" x .^o", this require» a pnotocathode illumination of I.06 x 

10"^ foot candles. The olose agrtei.ient between this calculated illumination and 

the experimentally ibserred value of 1 x 10"^ foot candles is good evidence that 

this si:..] ie theory is aaequate. 

*.  further corrollary of this analysis is that tne amount of information vhich 
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can be stored on the target mesh assembly in a frame ti:..e is limited.  In a later 

section this will be shown to limit the maximum signal to noise ratio.  To lengthen 

the linear part of the transfer characteristic, to increase the information handling 

capacity, und to improve the optimum signal to noise ratio, the type o474 image 

orithicjn i:; made with a nominal .Cüüj" target mesh spacing.  ly tne foregoing analy- 

sis, this raises the knee of the transfer characteristic to about <i /.  10 foot 

candles.  The closer target to mesh spacing makes these tubes more likely to be 

laicrophonic. The o\\]\\  i ~>  used primarily for color telecasting in a camera with j 

i. age orthicons. oince the signals from each of the j tubes must be combined to 

form tue color signal, it is uesirable in this application that the camera tubes be 

used only in the linear part of the transfer characteristic. 

2.)  The Action of the Tarr.et 

As inuicated above, the image orthicon target must perform several functions: 

(1) The secondary emission ratio ol'  the front or photocathode side snoulu be 

as high as possible to produce a large stored signal from a limited photocathode 

curruit.  AS shown in r'igure 9» the net charging current at the target is equal to 

ich =ipr (5-1), (l) 

where i  i.; the photoelectron current reaching the target. This current will be 
pr 

less taan the current leaving the photocathode, since some electrons will be inter- 

ested by the collector mesh,  oince the photoelectrons have been accelerated 

through /4.ÜO or more volts, they are essentially uneeviated by the fields near the 

mesa, and the fraction which reach the target is essentially equal to the optical 

transmission of the mesh. Hence *eh  = *pO    '• "** 

or Gain  * lg  s t  («f-D (2) 

ho 
Typical type jli20  image orthicons with glass targets have measured gains of about 2. 

iror an   .  . mesh transmission of c£>„, this corresponds to a secondary emission 

rjti , o 1 o( h. 
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Figure   9.     Target = Mesh Assembly Gain - Image Orthicon 

33 



(2)  The charging current acts to create a positive cnarge pattern on the 

photocathode side of the target.  Mxring the scanning process, tne electrons from 

the scanning beam are deposited to restore the scanned side of the target to the 

potential of the scanning gun cathode, disregarding the effects of emission veloci- 

ties ana contact potential differences.  Although a net charge is left on each sur- 

face, tne photocathode side of the target is restored nearly to its dark potential 

because of the strong capacitative coupling throu^ the target between its two sur- 

faces.  Irrmec.iately after the first scan the voltage across the target between the 

surface of a given element will be equal to trie signal charge transferred in that 

frame time divided by the capacitance through the target.  If the target swing was 

2 volts, the charge transferred is CtmA^i the product of the target mesh capacitance 

and the voltage swing corresponding to a highlight at the knee, denee, tne voltage 

across the target after scanning will be 

£M x 2volts (3) 

Bit 
where Ct . is tne capacitance between the active area of the target and the mesh, and 

Ctt is the capacitance througn the target between the corresponding active areas. 

oince the active areas are the same, the ratios of the capacitances are 

iim- . C   A-   m     At.     -     -0002      .    ' 
TT^ " ko in~ § 5: sx.002      5 

A 
ft KeoT 

where^-is the permittivity of free space, K is the dielectric constant for the target 

material« *■  is the active area, d  is the target mesh spacing, and d++ is the thick- 

>:' the target. Hence« the voltage across a target element immediately after 

the first scan is .01;  volts, if the target had been charged to the knee unless some 

method io provided lor charge conduction tlirough tne target, tnis remanent charge 

will be increased in subsequent scans until the tube ceases to reproduce prictures 

h cause tne voltage across each target element reaches tne potential difference be- 

tween tne collector mesh and the scanning gun catnoue.  In tne- image orthicon as 
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originally developed, this conduction is provided by making the target of tlass whose 

resistivity at operating temperature is in tne order of 10  ohm centimeters, A 

homogeneous membrane of this glass, .0002" thick, is stretched across a supporting 

rim. The resistance through the 1.12" x ,6I\"  useful area of this target is tuen 

about 8.4 x 10 ohms.  In a steady state condition, the signal or charging current 

at the target must be conducted through this resistance without an excessive voltage 

drop, öince for a 5820 the charging current for a white scene at the Knee is 

o./| x 10"' amperes, tne maximum average steady state voltage drop across tne target 

is j .h,  x 10  or .05 volts. This value is small compared to tne normal 2 volt target 

1 iesh uotential, and in general does not cause any objectionable memory effects. 

(3) although use of a homogeneous target made of a glass with a resistivi- 

ty of 10  ohm centimeters gives proper charge conduction through the target, there 

are tirree disadvantages. First) the resistivity of the glass changes rapidly with 

temperature, and proper tube operation is obtained in most broadcast studio equipment 

by thermostatic control of bulb temperature to 40° ± 2° to i i°C.  This range is in- 

conveniently narrow for some military applications, ieconuly, the standard ^lass 

target 5Ö20 and similar image orthicon tubes have a rather limited operating life 

set by target performance. After several hundred hours, the tube tenas to retian 

for some sec ;nds or minutes a negative inage of any scene whose electrical image is 

allowed to remain stationary on the target. This effect, known as "sticking", is 

thought to be due to a depletion of charge carriers in the glass target. Third and 

perhaps host important, the target glass not only conducts charge through itself par- 

allel to t:ie tube axis, but also provides lateral charge -onuuctivity between adja- 

cent image elements and acts to limit the amplituae of the reproduced signal from 

jarta of the scene *ith fine detail. This lateral conductivity could be minimized by 

making the target substantially thinner, and in this case the bulk resistivity of 

the target glass could also be increased without causing objectionable voltage drop 
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through the target. However, glass targets are made by cutting a small section from 

a hand blown bubble and sealing it to a metal ring which has been previously enameled 

with • glass which melts at a lower temperature,  ./ith this technique target thick- 

ness could be decreased by at most a factor of 2, an insignificant improvement for 

mo3t applications. 

The effect of lateral cnarge leakage has been analyzed by H. B. DeVore:  "Limit- 

ing Resolution in an Linage Orthicon Type Pickup Tube", Iroc. I.R.E., j6-'j- j ]L,,  harch 

194Ö. The results of DeVore's analysis are shown in Figure 10 as applied to a ^020 

with phrameters as shown in the figure. Although DeVore's assumptions make the re- 

sults shown too pessimistic for resolution beyond 200 to 300 lines, the curve shows 

that lateral caarge leakage limits tube performance even when the tube is used for 

standard 30 frames per second broadcast television. The critical assumption made in 

DeVore's article is that the capacitance between a resolution element on the target 

and the collector mesh is effective in determining the charge storage capacity for 

that element.  This i.j true only if the target to mesh spacing is considerably 

smaller tnan tae width of a resolution element, For a ^8<„0, this condition is not 

satisfied for resolutions beyond 2C0 to JC0  lines, r'or finer resolution patterns, 

the capacitance between each target element and all its surrounuings becomes impor- 

tant, leading to a larger cnarge storage capacity, and therefore to greater resolu- 

tion capability than are indicated in DeVore's analysis. 

Unfortunately, for many military purposes, it is desirable to scan the tube 

more slowly t' an JO frames per second. For example, in operation at very low light 

levels, there may be insufficient lig.it available to form a useable picture each 

thirtieth of  a second. For a film camera in such cases the operator lengthens the 

exposure time for each frame and reduces the frame rate,  .»ith an ideal camera tube 

also, acceptable pictures can be obtained at lower light levels by allowing a longer 
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expo, are time for each fruWi This ^roceuure yields scant iim rovement for the ^020, 

6474« 'r 7198 because lateral tarnet leakage Qe^xaces the image severely at longer 

frame times as shown in /igure 10. alternatively, for an application like mapping 

fron an aircraft, it i..ay be desireable to expose the camera tube for a relatively 

short tine during eac;i frame tine to "stop" scene motion.  In such cases, it is often 

desireable to scan without interlace over a period longer tnan 1/jO second to trans- 

mit the information over a data link of modest band./idth.  In this mode 3f operation, 

the cegr^aatijn of image quality uuring t.ie scanning period on a tube like a jö20 

is definitely objectijnable for scanning times longer than about 1/20 second. 

Thu.T, t.ie otanuard glass target represents a compromise« -high performance image 

ortr.icons of the future will almost certainly use far thinner targets made by thin 

film techniques to obtain reduced lateral leakage, possibly in conjunction .;ith 

creation 01"  an anisotropic conductivity pattern to favor charge conduction through 

tne target. 

j.)  resolution Limitations - The Ima.-e section 

The p.iotoelectrons in the image section of an image orthicon are focused at the 

tar et kj   use of a nearly uniforr.. magnetic field.  In such a field, any electron 

emitted Jith a vi locity coi..ponent j-erpendicular to tne axis oi  tne tube describes a 

helical ;ath.  The time to complete one loop of the helix is the same for all elec- 

tron.-, ii  tough the diameter of each loop is larger for electrons with larger racial 

•/■. Locity c-sm. orients.  If the fields were completely uniform, focusing for tnis arrange- 

ment would be perfect except for the effects of varying pnotoelectron emission ve- 

locities ^arallt 1 to t.ie axis of the tube w.iich cause variations in transit time to 

targi t.  Tais type of image defect is often compared to enromatic aberretion in 

i i. it optics and co^ld be essentially eliminated if the emission energies of the 

i LOtoelectroas «rere restricted to a very low value. According to the iinstein photo 



electric  equation 

1/2 ByJ . hv - hVo = Jic. - M. (5) 

where y0 i-
: the frequency and Aö the longest wavelength of light f/hich will produce 

photoemission fron the photocathode.  That id, the maximum kinetic tner£iy of emission 

for a photoelectron is tne energy of the exciting photon less ttie pnotoelectric work 

function, or minimum energy needed to rer.ove a photoelectron from the surface.  Elec- 

trons will leave the photocetnode with energies up to this maximum, depending on 

whether the electron wiien initially excited started moving directly toward the sur- 

face or followed an oblique path, and on the energy state from which it «as excited. 

To restrict the emission energy to low values, one may allow only exciting rauiation 

with wavelengths ne->r the long wavelength threshold to fall on the surface. 

This type of imaging defect has been analyzeu for a typical image ortnicon image 

section by H. B. DeVore, "Limiting Resolution in an linage Orthicon Type Pickup Tube", 

Proc. I.R.L., 36- j-TiS. i-arch 1%8, and by H. Kanter, "Resolution Limitations in the 

Secondary .Electron Image amplifier", .Vestinghouse Research Report 6-yi;/|10-<--Rli|.. 

figure 11 shows the results of this analysis as applied to the image section of an 

image ortnicon or image isocon when tne illumination is monochromatic light of the 

wavelength inuicated.  The assumptions made include use of an 3-10 photocathoue with 

a long wavelength cutoff of 7000 angstroms, a uniform 7b  gauss magnetic focusing 

:'K Id, .;;^0 volts between the photocathoue and the target, and u.'-.e of a 2.3 centi- 

meter pattern width at tne target, all typical of standard tubes. A high contrast 

test pattern is assumed, ana the result is expressed as the contrast in tne ±hoto- 

electron current image approaching the target to separate the effect of focusing im- 

perfections from other factors.  This data shows that to obtain a resolution of 

1250 T.V. lines per pattern neight (16^0 lines in 2.8 cm) at ^0%  contrast, li^ht of 

a wavelength no shorter tnan oOOO angstroms, or within 1000 angstroms of the long 



3600 

3000 4OO0 5000 fcOOO 7000 
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Figure   1 1.     Theoretical Resolution of Photoelectron Current at the 
Target of an Image Orthicon 
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wav< Length threshold i.iust be used. 

Experimental testa of limiting resolution on an image orthicon have been mad« 

in this laboratory, in which the scanning amplitude was reuuced so that high resolu- 

tion test pattern information could be reproduced rfithout exceeding the frequency 

band capabilities of the video amplifiers in the available test equipment. 

Resolution patterns as fine as 3000 TV lines per standard pattern height have been 

reproduced. Under tuese conditions, some small difference in resolution could be 

seen v.'.ien a 2000 line test pattern was alternately illuminated with red light mid 

blue li !it.  In jractice, then, DeVore's analysis appears too pessimistic, as he 

indicates, since tue image section focus adjustment is presumably set for electrons 

of an average emission energy, ratner than for zero emission energy as assumed in 

t :• ■ alculations, aim because tue assumptions on aistribution energy anu direction 

for tiu: emitted electrons are very difficult to check and are probably incorrect. 

Results of the analysis are included, however, since they indicate that image section 

end 1 :ion velocities snould be considered as a limitation wnenever extremely high 

1 .' . ins are required. 

n. tub.     tier may improve the limiting resolution of an image section by in- 

th£ electrostatic field at the surface of the photocathode.  The result may 

; as: 

R    -      A     V     j_ (6) 
"     ir    I    vo 

:    R i     tht   limit Ln    re.; >lu1 

V is  th<   image  section accelerating voltage 

.   lance between tue photocatnode  ana the  target or collector mesh 

Vois  the   emission energy  in volts 

t; pical ;..     teti 'ally  focused image  section,  an increase in V/u can be 

mplj Lncreai ...    I .e overall accelerating voltage v,  or decreasing the 



,. section len0tn d, but in either case the magnetic field must be increased to 

maintain image focus by shortening tne period of revolution for radially moving elec- 

trons. The condition for focus with uniform Magnetic and electrostatic fields is 

B » X  /2m 4  V e- (7) 

.Kiere m unu e arc t:ie mass ana cuarge of tue electron respectively and ß  is the mag- 

netic flux density.  Inspection of this equation shows t.nat if image section voltage 

cannot be increased because, for example, of the secondary emission characteristics 

of tut target, tue resolution will also increase linearly with the magnetic field. 

The combincd equation is: 

D =  i_    e_    B2d  X (8) 
*   3  m      Jvö^ 

If Vis   to   be   kept  constant,   tiie  product  Bd must   be  kept  constant.     If however,   tne 

• tic   field is  doubled  and  tue   image section length halved,   tiie  resolution will 

be doubled,   as  stated above. 

)\.)      jc.-i'itivi t.y Limitations 

...  . ■ limitations on tue sensitivity of any camera tube or light amplifier ue- 

vic«    ir      Lven in detail in the following sections,    -''or an image orthicon,  tiie 

principal limitations are  those affecting the  signal to noise ratio in tue re^rouueed 

First)  and most important,  the ty^e of scanning used in tue image orthicon 

ici  i  a  fairly  large relatively  constant noise  contribution due   to  snot  noise 

in tu,   scanning   beam«    To optimize signal tu noise ratio for greatest sensitivity, 

th«   si, rial current  at  the  target   should be made  as large as possible   before  intro- 

duction    .   nOi.se  in  th<      -   m.. nL   process«    This oan be accompli  hed by use of more 

.   . es,   of targets with higher  secondary  emission gains,   or  by  use 

.:   - implifier ahead of the target.    Further,  the  bi am should be adjusted 

to   bi mall   as  possible  while  still  completely  charging the  target   to  its ciar* 

po1      tial,      y.t   required  beam current   is,   as uiscussed  below,   a function of  tue 



velocity distribution in the beam, and of the iiiicro-structure of the scanneu side of 

the target. 

The second noise contribution limiting sensitivity in the image orthicon is the 

fluctuation ,;ignal generated ^.n the camera tube load circuit and the video preaup- 

lifier. Known us  Johnson noise, for a good low noise camera amplifier with the 

image orthicon load resistor operating at room temperature this fluctuation signal 

has an r.m.s. current value of approximately 2 x 10"' amperes. One of the advantages 

of the image orthicon is that for normal scene brightnesses, its essentially noise 

free putput electron multipler CL:n be used to make the output signal large compared 

to the amplifier input noise. For low light level applications, however, care must 

be taken to supply sufficient overall tube gain so that the most dimly illuminated 

scene will produce a signal which is large compared to the Johnson noise. 

Thirdly, there is the fundamental limitation on sensitivity set by the random- 

ness of the photo emission process. Since photons are absorbed and photoelectrons 

are emitted randomly, when a scene is very dimly lighted one cannot be sure that in 

each frame time that more photoelectrons will leave the area of tue phatocathode 

which corresponds to a brighter area of the picture than one which corresponds to a 

dimmer area. This last effect sets a fundamental limitation for every light ampli- 

fying device and is discussed at length later in this report. The first and second 

limitations apply primarily to the image orthicon and are discussed here to complete 

the description of this tube. 

(a)  The Overall Gain Heuuirement 

It was shown that the signal current at the target of a j820 operating at the 

knee is about o.k  < 10  amperes for a photocathode illumination of 1 x 10  foot 

candles. At this illumination level, the output signal current for a typical electron 

_9 
multiplier gain of ^00 to 1300 is j to 9 microampers, far above the 2 x 10 
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mi ~roampere amplifier input noise, riowever, such a camera tube can reproduce useful 

h. -b 
images with photocathode illuminations as low as 10 H to 10 •*  foot candles. The 

lower figure predicts an output signal of only J to 9 x 10  amperes if the multiplier 

gain is constant, and this output signal is of the order of the amplifier noise. 

Thus, the image orthicon with a good _Jj stage multiplier has just adequate ö
ain to 

override amplifier noise at its normal sensitivity threshold ana if ste^s are taken 

to improve effective tube sensitivity by lowering the beam noise contribution, the 

overall tube gain may have to be increased to maintain the output signal above 

amplifier noise. 

(b)  beam i»'oi.-;e in Ima,r,e Orthicon Jcamiin^; 

Of all limitations presently found to limit the sensitivity of this already 

sensitive camera tube, the shot noise contributed by the necessarily large scanning 

beam is a problem unique to the image orthicon.  As explained in the introductory 

section describing the tube operation, the charge pattern is read from the storage 

target by scanning it with a beam of low energy electrons so that some of the elec- 

trons will land on the target to neutralize the charge, and tue rest v/ill return to 

an electron multijlier structure.  ..hen the beam is scanning a negatively charged 

target element corresponding to a black s^ot in the scene, all of the beam returns 

to tne multiplier«  .vhen the beam scans a rather more positive element, corresponding 

to a light -rej  or white, some of the beam electrons land and tne return beam current 

La momentarily reduced.  In general t..is reduction, which constitutes tne video sig- 

nal, is never larger than about }0%  of the beam current, and for dimly lighted scenes 

la usually much less.  The amount of variation in the returning beam is defined as 

the modulation, K, so tiiat IK ■ Iv. -Ipt X  100*  To maximize tne modulation, the 

lb 
beam current la always aujusted to the minimum value which will supply the signal 

current for the brightest elements in tne scene which is to be televised. 

Experimental and theoretical data agree fairly well tnat tr.e beam behaves as a 
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random noi e generator« whose rws noi3e current output is 

la -/2«IbAf (9) 

«fhere e is the electronic charge, 1.6 x 10-1^ coulombs, It is the beam current in 

i..:.rts, andAf is the system bandwidth in cycles per second.  In televising low 

Light level sctnes, most of t;ie beam is returned to the multiplier, anu the signal 

e,t t;ie target is divided by this entire noise current to obtain a signal to noise 

ratio which corupar« s favorably with trie experimentally measured value. 

To indicate the importance of the be^JD shot noise, a calculation of the signal 

to noise ratio for a ^820 operating at the knee follows, AS indicated in an earlier 

section, the signal current at the target is o.ii .■: 10"" amperes.  This current must 

upplied by the bean., but if jCU beam modulation is assumed, the beam current will 

be 1     x 6.1; x 10  or 2.1 x 10  amperes, oince the output electron multiplier is 

• 3 

uaed to cause no uegradation in signal to noise ratio, tue ratio of signal at the 

target, D,2| x lO-' amperes, to beam noi St., 

w2eI4f  = \J 2 X 1.6 x 10 '  coul x ^ .1   x 10"^ amperes x 6 x 10  sec   is a 

v^liu signal to noise ratio, and gives a figure of 27.4:1. Use of an b megacycle 

video bandwidth is assumed. This value compares with a measured value of 35*li in- 

dicating t.iat the beam n^ise is indeed dominant in limiting signal to noise ratio. 

This limiting value for well lighted scenes can be raised if tue signal handling 

I ibility of tue target is raised.  The £>474i which can store a sijjial i\  times as 

, ..ill require a beam current '4  times as large if modulation is assumed constant, 

-jince the signal to noise ratio varies as Iaj § A/Ibeam 
tiie ^474 "ill achieve 

itially twice the optimum signal to noise ratio of the 

At lower light levels, the signal to noise ratio for tue £820 will be poorer« 

If the   toe    U illumination fur objects in a given scene extends from the itnee, 

10"        ndles in the highli^its, to a very low value, the beam current oust b* 



set to disc    t.ie highlights. 3rey areas corresponding to a pnotocat.io-e illurai- 

rxati      x lu" ' foot candles will then Live a signal to noise ratio of 1, ana less 

bright detail './ill be essentially lost.  If generally dim scenes are to be televised, 

the beam current is usually reduced to a value just sufficient to discharge the high- 

li htj in that scent.  If the Leu.: i.iodulation in the hiiyhlights were that which was 

obtained at the knee, the signal to noise ratio would decrease as the square root of 

bhi signal current. Unfortunately, the optimum beam modulation decreases rabidly 

photocathode illumination decreases, and a ^2Q  in general gives a barely discernable 

picture at lü~-/ foot candles highlight illumination even though the beam current is 

redu  i as much as possible. 

Tut reasons for low beam modulation are tnese:  irirst, tue beaia electrons 

in the target at very low velocity. .Vhile phenomena in this velocity range 

in difficult to study, .-ic  believe that of those electrons which actually strike tue 

:e, only about half remain.  The rest interact with the surface but are 

ittered       • ird t... multiplier.  On an electronic scale, the glass surface is 

r u      I    ■■:'•■ -la. pr cess is the result of interactions between the field 

if i b( an electron ana the fitlds of the iarticles which make up the glas..; surface. 

r ICI   i  .      not elastic, and the velocity components after scatti . 

it fr .. th ise of tue: incident electrons.  This fact i. used in 

the ii  e isoc >i , in th< v  ' f c imera tube described below, Now, if only go,« of 

reach the target remain, under any circumstances the beam modulation will 

r exceed $0', I   Ich would  therwise be calculated.  The process bj ... I ... 

' i ■ vi ry lov»   : . ■ .       Lnt< ract with the surface is one on wai : >re icnow- 

i needed, since an imp] v ■:. n1 in scanning efficiency would help to obtain 

. .      1 to noise ratios and greater sensitivity. 

re U . jrtant factor limiting  - .. idulation i 
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eli otron velocity spread in the scanning beam. ->ince tae electron team is made to 

pproach the surface oT  the target at nearly zero energy, the number of btum electrons 

v/hieh lan>." on any target element is a func tion of the instantaneous potential of that 

element ind of the kinetic energy of the beam electrons, .ience, small variations in 

beam electron energy exert a very significant effect on tube operation, iroperly 

peaking, it is not tue kinetic energy of the beam electrons, but rather that ^ortion 

of the kinetic energy of each electron which is associated with its forward motion, 

parallel to the tube axis, which determines whether a u^ven  electron can land on a 

target element at a ^iven voltage.  If all electrons approached the target normal to 

its surface and if all had the same energy, all could land on an element which was 

slightly positive, none coald land on an element slightly negative with respect to 

the zero joint for xinetic energy.  If a given beam electron started from rest at 

the cathode »/ere accelerated by the electron gun, and decelerated as it approached 

the target, it would just reach a target element at cathode potential, provided that 

none of its energ/ hud been converted to motion in a j-lane perpendicular to the tube 

axis.  This statement neglects the effects of contact potentials end work functions. 

Unfortunately, tue beam electrons do not all start fron, rest at the cathoce, but are 

emitted from the surface with energies ranging from zero up to several tenths of a 

volt.  The emission velocities are distributed also in direction. .Kurther, the po- 

tential of the surface of an oxide coated cathode from which current is being drawn 

Is, on • I' , probably not uniform, and the work function probably 

varies from microsco;ic point to point. Additionally, the .electric and magnetic 

field    • to form, accelerate, and focus the beam may tend to transfer some energy 

to a motion ptrpendicular to the tube axis, anu although all electrons may have been 

accelerated through the same potential drop, the forward component of their motion 

y  v ir; ;onsid< rably. 
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All of taese effects combine to produce a rather lar; e spread in the puraxial 

velocity components of the electrons approaching the target, ant.' measurements, al- 

though admittedly difficult to perform, have Shown a spread of more that a volt under 

some conditions, although the spread in emission energies alone is only .1 or .2 

volts. .lence, the instantaneous current lanuing on a target element uepends on the 

instantaneous potential of the element, on the total beam current, and on the uistri- 

bution in para.-cial kinetic energy for tue bean electrons. Altnou^h otner factors are 

im ortant in broadening the distribution, authors such as Dr. .ians at.il, "On L,.age 

Defects «rising From the Electron Velocity Distribution in the Heauing Beam of Image 

Jrthicons" published in tae Iroceedings of the L.age Intensifier Sym* osiuni, October 

■J-7, 191)ü by bl.J. Army .engineer Research and Development Laboratory, or H« •■. Floyd, 

whose analysis is Appendix I of this report, have deduced a reasonable explanation 

of tue action of tne beam in discharging the target by assuming a i-jaxv/ellion distri- 

bution und using the relation Itaraet ~  oons* x *beem x exp —       (10) 
kT 

where V is the instantaneous potential of the target surface, usually negative, 

with respect to the gin cathode, T the effective temperature of tue beam in degrees 

Ki lvin, higher than the actual cathode temperature because of the broadening effects, 

ana e the electronic charge and k the Boltzman constant respectively. 

This relation emphasizes that if the target is scanned repeatedly wnile the 

lens is capped, its .otential will be brought to a value far negative with respect 

to the value at which an electron starting from rest at the cathode would just land, 

and the bean current landing on tne target will increase very slowly as tne target 

is made more positive fror, this dark point.  If a very dim scene is inageu on the 

photoeathode, a small current of paotoelectrons will strine the target, creating a 

1 positlTe signal current which aots to charge the target mesh capacitance dur- 

first frame time. Although bear, electrons will land on each target element 
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Measured beam spread of 1 volt corresponds to 2.3 j£L. At very low signal 

levels, target is several volts negative, only very small currents can 

land, and beam will require several frames to establish equilibrium after 

change in signal level. 
ev 

ITarget = Constant X IBeam X explcf 

ASSUMPTIONS: Constants 0.5 

lBeam= °-01 

em 1.6xlO~19 coulomb 

v= Instantaneous target voltage below values at which all 
current lands 

k» Boltzmanns Constant ■ 1.38x10""*"^ Joules/degree K 
T» Kffectiv» Temperature of Beam 

Figure  1Z.     Charging Current as  a Function of Target Voltage 

..' 



when scanned, tne current la 80 small that the target is not restored to its 

previous condition. The same amount of charge is added to the target by removal of 

.secondary electrons in tne second frame time, tind again the beam lands more electrons 

but not enough to neutralize the charge created by the signal current.  This pro- 

cess is repeated many times until the operating voltage of the target reaches a 

value at which the beam can deposit sufficient electrons to equal the signal 

current which is charging the target. The process can be most easily visualized 

by reference to Figure 12 which shows tne instantaneous current which a typical .01 

microampere beam can land as a function of target voltage.  The current which the 

beam can deposit on a giver, target element is the integral of tne instantaneous 

target current between the voltages existing just before and just after tne beam 

scans the element.  These in turn are a function of the voltage before scanning, of 

the target-mesh capacitance, and of the time during which some part of the beam is 

directed at a given element.  «/hen a steady state has been reached, the current 

■ . sited will equal the secondary electron current leaving such element in a frame 

time.  The time to reach equilibrium may be many frame tiii.es, or even several sec- 

onds for a low light level scene. 

Conversely, when the image of a low light level scene is removed from the 

tube, thi     ..ill require several scans to charge the target to its stable uark 

potential. Although tne target current, and therefore the output signal, will be 

Lie]    ach successive scan, an i. .age of a near threshold scene can often be 

after the lens has been capped, and a time in the order of 

seconds is required to reach full signal conditions after re-opening the lens* 

t, limits the ability  :' the image orthicon to reproduce an L.iage con- 

taini .   '.   chen vi ry low li  t 1< v 1  .:■■ u i .. To minimize stabilization time, 

i ortuic »ns for low light level.; usually usi   ■■ spaced, low ja^jcitance tar- 

get i 
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Any preamplifying means which increases the charge Information stored on the 

target at a given light level will also act to reduce the lüg effect at that li^ht 

level. 

Ideally, the low level lag effect could be greatly reduced and i.iodulation 

increased if the broad "axial" energy distribution in the beam could be narrowed, 

oome improvement can be effected by use of gun designs to minimize axial velocity 

spreads above the emission velocity distribution. However, tnis emission velocity 

3pread still has a high energy "tail*, ana a means for narrowing it has been sought 

by many investigators.  Various velocity analyzers were investigated in the course 

of the research for which this is the final report but our theory and experiment 

agree that the rather narrow range into which most of the emitted electrons fall 

can probably not be narrowed in a practical tube. This is fully discussed in a 

later section of this report. 

5.) Jummary 

Tue foregoing discussion of the image orthicon emphasizes some of its dis- 

advantages.  Kot emphasized was the excellent sensitivity of commercial tubes 

available at the start of tiiis research, nor the fact th.t phenomena li..e the 

1  effect at low light levels have tneir parallels in the physiological adjustments 

of the human eye and have advantages, for example, in smoothing out the effects of 

s1 tistical fluctuations in the incoming information at low light levels.  Because 

of these advantages, the image >rthicjn was selected as the basis for most of the 

research conducted un.:er the subject contract.  At the conclusion of this research 

program, it is appar n1 I i :t the most important and fruitful approaches to greater 

Jensititity wer« t lose in which the charge to be stored on the target was amplified 

before the noise inhi   ' in the scanning process was introduced into tne system. 

■"        ther appr ches are discussed in the body of the report. 
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c .     Imag«  Isocon 

As  indicated  in tae  preceding section,   the  irincipal limitation  to obtaining 

improved sensitivity from a standard image orthicon is the  snot  noise  in tiie scann- 

ing electron beam.     In the   image orthicon,  essentially  the  entire scanning beam is 

returned to  the multiplier  in the  curkes^ parts of the picture,  while  a somewhat 

smaller  current  is returned when scanning parts of the  target corresponding to 

bright objects  in the  scene.     Thus,  maximum return beam noise  is generated for those 

areas of the  picture  in which   the  picture   is weakest,     oince  the  type  of  scanning 

in wiiich a  signal  is uerived  from electrons returning from the target  permits  use of 

an output  electron multiplier and hence removes the  sensitivity limitation due to 

video  amplifier noise,   Lr.   P.  K.   .«eiraer   and associates  ab  the h.Ctw   Research Lab- 

oratories   investigated  an  alternate method of  deriving the  video Signal«     AS  de- 

scribed  in the  j-recedin^ section,   of those electrons which strike  the target, 

ap^roxii.lately half remain ane  the  other half  are  non-specularly  scattered  by   inter- 

action with  the  fielus of  the   atomic particles  in the  target  surface.     Lr.   .jeimer 

reasoned  that  if a way  could  be  devised  to separate  these  scattered electrons from 

those which were reflected  in the region ahead of the  target  because  they   lacked  the 

energy   to  reach  th<   target surface,   a video  signal could  be derived  which would  be 

essentially zero  in the darker  parts of  the  picture  and woulu reach a maximum when 

the   beam was  scanning a target  element  corresponding to  a  brightly  illuminated area. 

This   tj,r  of   tube,   called   the   ii..a0e isocon,  was  described  by  Dr.   ..eimer  in an article 

entitled   "The  Image  Isocon -  An Experimental Television 1-Lekup Tube  Baseü on the 

scattering of Low Velocity Electrons"   published  in tue R.C.n. Keview for September, 

Dr.   «'eimer accomplished  separation  by causing the  normal return  beam of  the 

image    irthici n to strike  one  small  area near the  axis of  the electron gun.    The 

Li i-;:   ns  on  the other hand  landed in a somewaat larger  aren  because   they 
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had received an additional transverse energy component in the scattering process. 

Some of 'h»3° elnctrons he caused  to  enter a"1  electron multiplier structure through 

a  small ofp-axis aperture.     To  direct  *!r  scattered electrons  into  the multiplier, 

and  to make sure that the reflected electrons did not enter  the multiplier,  Dr. 

/i°iia^r incorporated certain additional  ->if>ctrodes for the b°am alignment and for 

the  prevention of any  scanning motion in  the return beam. 

A  principal  problem in   the  development of a practical  isocon  is   the attainment 

of complete  separation  between   the  scattered  and reflected  return beams.     Methods 

used  at  the  time   ;f this research  included the discarding of half of the desired 

scattered electrons in  order  to  effect this  separation.     Further,  a fiald defining 

mesh used on  the  scanned side of the  target to  eliminate scanning motion  in the 

returning beam of reflected  electrons  caused  an additional noise  contribution. 

Since the scattered and reflected electrons were being separated on an energy  basis, 

,  .  |   ilioved   that   Jevelopment work on   the isocon  could profitably  be delayed until 

means for narrowing the velocity spread in thQ electron  scanning beam has been 

achieved.     ?~>r  these r asons,   and because of added critical adjustments then consid- 

ered necessary  for  isocon  operation,   we  »lected not  to pursue work on  this  type but 

■ stead  to concentrate on preamplifier structures for the image orthicon  to provide 

improved signal-to-noise ratio and better sensitivity. 

d.     T!      ■•    iting! .)u:;e Jbl - 

.■is  indicated  in   the section on  the  i.r.ag° orthicon.   it  is most desirable  that 

Lgnal amplifi :ation     s incorporated in any cam°ra tub« ahead of the scanning 

process.    In   the image orthicon,  some amplification is achieved  thr   •rri\ s^con lary 

emission gain  Ln  tl e target.    As shown in a later section on signal to noise limita- 

tl ma,   for i iag° orthicon   'yn°  return ream scanning a pre-bear. gain of a*   least 100 

is nee        '•     rier       •;   tl ~~. nois° no* be a iorai^ant factor limiting 
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sensitivity•     I*   is also obvious that a ca/;Qra tuba  for maximum usefulness to the 

military should t° simple and  cor.pact and use straight forward circuitry requiring 

little or no Maintenance and adjustment.    The vidicon described in the introductory 

section is the simplest of mod=rn  c iTiera tubes und. operates in many low cost ca;i°ra3 

ov°r long p-rio is of time without attention.    A highly worthwhile goal would be a 

combination of tube components   to achieve high image si;Tial  yreamplificution before 

the scanning process in a  'ube having otherwise the operating simplicity of the 

vidicon.    an approach to  '.his tub«! is the destlnghouse TCbicon shown in Figure 13. 

Ir>   hhia  tube,  the scene to be televised is Imaged on a photoemissive cathode 

on  th°  inner sirfuce of  the optical window at the left end of the bulb.     The emitted 

photoelectrons are accelerated and focused by e]_pCtrostatic,   or by a combination of 

electrostatic and magnetic fields,  and caused to strike a thin semi-conductor target. 

AS shown  in Figure 1/+,   this target consists of a thin electron permeable aluminum 

layer and a semi-conductor layer having high resistance in its unexcited state. 
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The electron.:,  accelerated through a potential drop of 10 to ^C hilovolts,  pass 

•   p aluminum but are ■ ;  in the  semi-conductor with the  release of 

Many charge  car: ;   rs.     *is  in the  vidicon,   the free  side of this layer la scanned 

with ci  low ener^v  electron beam so that,   if  the optical  lens  is capped  and no  photo- 

electron^ reach  the  layer,   the  free  surface   is   soon charged  to   sca»inin,_   ,jun cathode 

rtential.     If no    the  lens is opened,  |hotoelectrons are emitteu from tue ^iioto- 

ri.ce the  layer.     In laboratory tests,   it  has  been shown that   from 

r  1 hundred to 1000 or iuore charge  carriers traverse  the  semi-conductor  layer 

for each  photoelectron which  strikes it.     ^s  in the photoconuuotive  layer  of  the 

vidicon,   tiie  electron.-;  travel  to  the more  positive   aluminum signal  electrode,   the 

hol< s  travi 1  to the  free  or scanned  side  of  the semi-conauetor,  and  the voltage 

'i ri    Ci     icros     the  layer  decrease.;  at  a rate w.iich   is   a  function of  photocathoue 

illuminati >n.     .dun  t,u.   electi'on  beam returns  to scan a ^iven element,   charge  is 

e]      Lted to r< store   the  free  surface of  that  element   to  jun cathoue  potential,   and 

a  pul  t    >f  i I« ctrons   i.-, c.pacitively coupled to the  signal  electroee,   which is   in 

turn connected  through u load  resistor to  the  positive  target voltage power  supply, 

in    thr souplii      :  pacitor  to the video amplifier«    A requirement for any 

■    .    Ltivi    ■  mere   tub    is  that  th<   output    ignul  be larger than  theeeffective   input 

noisi    if  ' .'    video preaj plifier at tin   lowest li<Jit  levels  from which an   -.utput 

i   i 'i ;t   be    i :.     1h<   Ebicon  pictured  in I'l^ure  lj has  an  in^ut  ^hotocathode 

■ir^H  l/2"x   3/8"   or  1.3 x 10" ^  square  feet.     Assuming use of a multi-alkali  photosurface 

'ivity o;   1^0 micr< pen a  : er lumen and an effective LBIG target cain 

of _   0,    i hj     Li     '   p)       ic ■'.. ■  e  illui..ination of 2  :■: le"-^   ft.    I.IK.ILS  -;ould  be  re- 

...II-' lignal  equal  to  the  assured   c  x lO"' preum^lifier  input 

.I:'- nt.    iy .      Lth thi   vidic  ..,  -e c.-iii assume that this would be close 

: LI icon,   that   i     :' r   me  without  an output  electron 

Lplieri     thus,  tiie predi   '       sensitivity of I Lmpli   i.licon is in the 
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of  tnat now obtained from a type ^820  ii..at,e orthicon.    xvlt.iough  some work  was üone 

on t.ie  r-bicon early  in ther period covered by  this report,   it  was decided  jointly 

with the nir  i'orce  task scientist  not  to emphasize  this abroach since,   at  that 

tii..t ,   several  low  voltage  ap±.roaches to  image  pream^lification seemed promising. 

It './as subsequently decided under a separate  procurement to sponsor research on a 

version of the  Lbicon using a return beam multiplier  for optimum sensitivity  under 

Air  force Contract aF'jj(Clo)^^G which  is nov/ active. 
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SECTTOM III 

FIBfORMANCfc LIMITATIONS Of I*IAG£ OBTHICON 

1.  INTRODUCTION 

The most sensitive basic television camera tube in general use today is the image 

orthicon. Despite its demonstrated sensitivity, however, the image orthicon has cer- 

tain significant performance limitations in the conversion of an optical signal into 

an electrical signal. Its principal limitations, particularly at low light levels, 

are discussed below. 

In camera tubes of the image orthicon type, the optical input is converted into 

a photoemissive current which is then stored in the form of electrical charges on an 

insulating membrane or target. This distribution of charge is the integrated input 

over the time interval between scanning of the target surface by an electron beam. 

The video signal is generated by modulation of the scanning beam resulting from a 

neutralization of the accumulated positive charges on the target surface by the re- 

moval of electrons from the beam. The electron beam used to otfan the stored charge 

image on the target introduces a substantial spurious signal due to random fluctua- 

tions in beam current density. Because of the polarity of signal employed, this shot 

noise is greater at the lower light levels, furthermore, with a range of brightness 

in a given scene, the optimum beam current required to discharge a high light area 

on the target is in excess of the value required to discharge a low light area.  The 

shot noise of this excess beam current acts to further degrade the low light level 

performance.  In normal operation, this noise contribution is well above the shot 

noise associated with the photoemissive cathode and establishes the noise level at 

the output of the tube. When the desired signal falls significantly below this noise 

level, picture quality becomes too poor to be useful. A measure of the quality of 

tube performance or resolution capability is the ratio of the useful signal to the 

spurious signal, referred to as the signal to noise ratio. One can then consider the 
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signal to noise ratio developed at the output of the tube as a limiting factor in the 

'seeing* ability or limiting image detect&bility of the tube. 

Since the upper limit of signal to noise ratio is determined at the input trans- 

ducer« it is obviously desirable to use a high sensitivity photocathode to generate 

a large signal current for a given incident radiant flux. Within the present state 

of the art, however, there are practical limits to photoemissive cathode sensitivities, 

so that one must resort to other means for improving the signal, to noise ratio de- 

veloped by the tube.  In view of the major noise contribution by the electron beam 

used to scan the stored charge image on the target, it would then be desirable to 

amplify the signal subsequent to leaving the input photocathode and prior to arriving 

at the target.  Thie can be accomplished by various means such as the use of second- 

ary electron emission multiplier or image intensifier stages. It is clear that the 

requirements for such pre-scanning beam amplifier stages would be high electron gain, 

low noise contribution, and high resolution capability. Another method of improving 

the signal to noise ratio is to increase the electron gain at the target by increas- 

ing the secondary emission yield of the target surface. This has been accomplished 

by the use of specially fabricated targets. 

Because only a fraction of the broad spectrum of electron beam velocities is 

able to land on the target and neutralize a charged element, only a small part of the 

scanning beam is modulated even in the highlight areas. At low light levels, this 

beam modulation becomes a very small fraction. This contributes to a further degra- 

dation of the signal to noise ratio. To improve the scanning beam modulation and, 

therefore, the signal to noise ratio developed by the tube, one can consider reducing 

the axial velocity spread of the electron beam by some method of velocity selection. 

Another serious limitation in the performance of the image orthicon is the ef- 

fect of lateral charge leakage in the storage target. This lateral flow of charge 

effectively reduces the signal to noise ratio at the target by decreasing the signal 
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amplitude in parts of the scene containing fine detail, thereby degrading resolution* 

This leakage becomes especially significant in a standard image orthicon if the time 

required to complete one scan is greater than the normal 1/jU second. A significant 

improvement in the resolution capability of an image orthicon has been achieved by 

the use of a thin film insulator storage target. Signal storage and integration 

without serious resolution degradation, have been demonstrated with such targets 

over periods up to ten seconds. 

The electron multiplier structure of the image orthicon normally assumed to 

supply essentially noise-free signal amplification does in fact make a substantial 

noise contribution and may, unaer certain circumstances, also act to limit the ampli- 

tude of the signal, thus degrading the signal to noise ratio. 

The only truly fundamental limitation in any camera tube is the random or sta- 

tistical nature of the process by which the information bearing photocurrent or sig- 

nal is generated by the photocathode. Because of the quantum nature of light and 

random nature of photocurrent, in any given sampling time, fewer electrons may actu- 

ally leave an area of the phctocathode corresponding to a bright part of the image 

than from a neighboring area corresponding to the darker part of the image.  This 

variation in signal at the input transducer imposes an upper limit to the signal to 

noise ratio that the tube is capable of developing at a given lifcht level, i.e. the 

tube is said to be photocathode noise limited. This limiting signal to noise ratio 

is determined by the following factors: 

(1)  Photocathode illumination - This establishes the rate of arrival of in- 

formation bearing quanta at the photocathode.  Because of the random nature of the 

process by which quanta is radiated from the scene being imaged, there is a fluctu- 

ation in their rate of arrival at the photocathode. For  photoemissive cathodes, this 

noise contribution is well below that due to the shot noioa of the photocurrent due 

to the fact that each incident quanta does not result in the ejection of a photo- 

electron. 
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(2) itaotocethode sensitivity - This is usually expressed in terms of micro- 

amperes of photocurrent per lumen of incident luminous flux of a given spectral dis- 

tribution such as a tungsten lamp operating at 2870°K, in terms of microamperes of 

photocurrent per microwatt of incident radiant power at each wavelength over a given 

spectral range, or in terms of quantum efficiency, i.e. the number of photoelectrons 

generated per incident light quanta at each wavelength over a given spectral range■ 

Peak photoemissive quantum efficiencies are in the order of 20 to 23% for the most 

sensitive photosurfaces in current use. 

(3) Contrast ratio of the scene being jma^ed - This is defined as the ratio 

of the difference in light quanta per unit time leaving a "white* elemental area of 

the scene and the light quanta leaving an equivalent elemental area of the scene due 

to overall background brightness to the light quanta leaving the 'white" element, orr 

C = F - F 
 D (1) 

F 

Essentially, the ability of a camera tube to image the pattern in a scene being 

viewed depends upon its ability to discern the variations in brightness over the 

scene. The signal can be defined aa the difference between the total photocurrent 

leaving a "white* element of the photooathode and the current leaving an element due 

to background brightness. The signal to noise ratio developed by the tube and there- 

fore the image quality improves with higher contrast ratio. 

(4) Photocathode dark current - Thermionic electron emission of dark current 

from the photocathode will act to reduce the contrast ratio in the electron image 

generated by the pnotocathode, particularly at low light levels.  It la necessary, 

therefore, to consider th• effect of spurious photocathode dark emission on the sig- 

nal to noise ratio. If the number of spurious electrons per unit time leaving each 

elemental area of the photocathode is n, the new reduced contrast ratio then becomesi 

c = r-FL 

F ♦ n 

5« 



(3) ScanalOK time Interred - This is defined as the period of the repetitive 

scanning of the target by the electron beam. Since the distribution of electrical 

charge on the target is the integrated input over the tin» Interval between scanning 

of the target by an electron bean, one can increase the signal amplitude by extend- 

ing this scanning interval.  Because the signal increases linearly with storage time, 

while the noise increases as the square root, there is a resultant improvement in the 

signal to noise ratio. In implicit assumption is the ability of the target to inte- 

grate and store electrical charge without degradation in contrast ratio at the target 

due to lateral charge leakage. 

2.  JHOTOCATHODE LIMITATIONS 

The random nature of photoemission means that while on the average more electrons 

leave a photocathode area which is more brightly illuminated than a less illuminated 

area, in any given sampling time, the actual number of electrons may deviate from the 

average value.  By statistical analysis, the root mean square of the deviations from 

the average number of electrons leaving a picture element in a sampling or frame time 

will be the square root of the average number. Thus, if N is the average number, 

-, N is the fluctuation and the average to fluctuation or signal-to-noise ratio is 

N or V». 

Let us now apply this reasoning to the photocathode of an image orthicon. Con- 

sider a scene consisting of a resolution pattern with vertical alternate black and 

white bars of equal width. Selecting elemental square areas of one bar width and 

assuming a complete absence of electron emission from the black elements, correspond- 

ing to a contrast ratio of unity, an Idealized signal waveform leaving the photocath- 

ode can be represented as followsi 

i 

 L_ 
where 1  =  photocurrent leaving white elements of image. 
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Consider now the effects of scene background brightness and dark current due to 

thermionic emission, Since these effects tend to degrade the contrast ratio in the 

electron image» the idealized signal waveform assumes the following shapei 

t 
i 

Cl 
1 

1 (l-C)l 

where:  i = Total current leaving white element of image. 
This includes current due to brightness of 
white elements in scene being imaged, and 
dark current due to thermionic emission. 

(1 -C)i  = current leading black element of image. 
This includes current due to scene background 
brightness and dark current due to thermionic 
emission. 

Ci = 1 - (1 - C)i * 3i - signal current 

C ■ Contrast ratio of electron image leaving photocathode 

Where no spurious population exists or where the spurious population is small com- 

pared to the signal population, the contrast ratio of tue electron image, C, is 

equivalent to the contrst ratio of the scenei 

C « C 
F - Fr 

Scene (3) 

where: F -  population in electrons per second leaving white element of image. 

'n * population in electrons per second leaving black element of image. 
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At low light levels, photocathode dark emission will act to reduce the contrast in 

the electron image.  It is necessary, therefore, to consider the effect of spurious 

photocathode emission.  If the number of spurious electrons per second leaving each 

resolution element of the photocathode is n, the new reduced contrast is given by 

the following equation! 

F    +   n 

The signal to noise ratio associated with the photocathode can be expressed as 

follows; 

ojgnal *      Number of signal photoelectrons 
Noise 2 

fluctuations in photoelectrons\* I Fluctuations in      \ 
from white element /    +       Lphotoelectrons I 

Vfrom black element / 

Let us define the following quantities: 

L ■ sensitivity of  photocathode in amperes/lumen 

A. « area of photocathode in square feet 

£ = photocathode illumination in foot-candles 
k     2 3 = number of resolution elements = _    tr assuming the standard 4X3 aspect ratio 
3 

and a resolution N in TV lines. 

e =  electronic charge * 1.6 X 10"*' coulombs 

T =  target exposure time or frame time in seconds. 

from the above,  we  can write the  signal leaving the photocathot'e  as follows: 

*  ■ rr-rDt   - *JF    -   U"C) M 
u se        - 3g 

" - ^jf (3) 
se 
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The fluctuations in photoelectron current or noise for th« white and black elements 

reapectirely are: 

V^ = /FT    =   IhAET (6) 

V se 

Vb=    STi      =  /CTTCTLAET (7) 
f D     V   se 

Combining the noise contributions: 

V— 
2      2     /LAET 

The signal to noise ratio associated with the photocathode current can then be written 

as: 
CLAET 

<T  s    

\J se 

/ 
(g-C) LACT 

se 

JSL  =  /LAST (9) 
V       CV3«  (2-C) 

Substituting the relation: 

S = k      K2 

3 

«ftiere N = resolution in TV lines we obtain: 

V'    °        1 (10) 
V V»««*  (2-C) 

The currea shown in Figure 13 thru 18 show the theoretical performance at rarious 

Talues of photocathode sensitiTity, target integration time, resolution, and contrast 

ratio as predicted by Eq. (10).  The effects of spurious photocathode emission (n) 

are shown in the dotted portions of the curres. 

The dependence of the theoretical performance limit of an imaging derice upon 

the quantum fluctuation noise of the signal itself has been inreatigated by J. W. 
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Coltman and A.  E. Anderson of the Westinghouse Research Laboratories.     (Reference 1) 

Experiment3 were conducted on the ability oJ the eye to recognize a regular bar pat- 

tern delineated by randomly fluctuating scintillations and the data used to calculate 

the resolring power of an ideal image intensivier.    The experiments indicate that 

the eye can just reconstruct a useful image when the signal to noise ratio at each 

signal element  is somewhat less than unity.    This apparent paradox is thought to be 

due to the eye's ability to integrate the available information spatially and in 

time,  combining the output of a number of nearby information  elements to recognize a 

resolution pattern or similar scene. 

On the  basis of Coltman's  experiments,   the following general  relationship is 

derived .- 

r \?—\ ■ 1-9N2 fl 1      1/2        (11) 
L.2-C J L(T/0.2)*   +1 j 

where: F   = p ulation in electrons per second of white bars of pattern. 

N   = limiting resolution in total number of bars. 

T = frame time in seconds. 

C = contrast ratio of image. 

This equation can be rewritten as a function of illumination (E) on the photocathode 

by relating population to brightness, knowing the photon to electron conversion ef- 

ficiency of the photocathode and its area. Thus, a photocathode with a sensitivity 

of 100 ua per lumen, an area of 8.5 »q. cm. will emit 5«7 X 10i2 electrons per second 

with a photocathode illumination of 1 lumen per square foot. 

F ■ 5.7 X 1012 E 

Combining the two equations,  we have the noise limited resolution: 

N2     ,   /C2    \   r f      T       N
2 I 1/2 12 

3JQ0 £ 12) 
2-C 0.2 
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The contrast ratio of the image ia determined by: 

F - Fr 
i. 

C ■ 
F +  n 

where: FD = population in electrons per second of black bars of pattern 

n ■ spurious population in electrons per second due to dark, omission. 

The straight line portions of the craves shown ia Figure 19 are plotted from 

the Eq. (12) where the spurious population n is equal to zero. The curves are term- 

inated at the higher resolution value by approaching the 420 lines set ty the system 

bandwidth, anoothing between these curves is done by the usual inverse square com- 

bining formula for resolution. At low light levels, photocathode dark emission will 

act to reduce the contrast in the image and thereby reduce the resolving power of 

the system. The lower end of the 0.2 second frame time, 100% scene contrast curve 

is drawn for n equal to 10-? electrons per second and the lower end of the 1/30 

second frame time curve for J0%  contrast ie drawn for n equal to 10^ electrons per 

second. These curves clearly show the Importance of reducing spurious emission from 

the photocathode. 

Extrapolating the straight line portion of the I/30 second frame time, 100% 

contrast curve of Figure 19» it can be seen that a limiting resolution of 4°0 TV 

lines is predicted at a photocathode illumination of 3.3 X 10   foot-candles, with 

noise set by signal fluctuations. For the 1 second frame time, 100% contrast curve, 

o 
a limiting resolution of 400 TV lines is Just detected at 10" foot candles. 

3.  SCANNING BEAM NOISE LIMITATION 

In the previous section, the signal to noise ratio was determined solely by 

quanta limitations at the photocathode. In the image orthicon, other sources of 

noise, primarily the noise contribution of the scanning beam, determine the signal 

to noise ratios developed by the tube. Let us define the following additional 

quantities: 
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i.     =  total scanning beam current  arriving at target of tube. 

l_    a    return beam current fron a resolution element on  target. 

*b " *rb    " current necessary to discbarge  a resolution element on target. 

j =    amplification of signal  by secondary emission yield on writing side 
of target 

M -    maximum modulation of scanning beam at target. 

For the white elements the return beam current is« 

Gtl /l 

where:  G i = current necessary to discharge white elements of target, 
t 

Similarly for the black elemental 

irbb= S -  (1-0) V Cib -&ti
)+CV 

= (-S" "Gt7 +CGti" °*1/- -14C 

wherei  (1-C) CJ+i = current necessary to discharge black elements of target. We 

can now consider the noise contributions from all sources: Amplification of noise 

associated with fluctuations in photoelectrons from white element of photocathode * 

t \J                  Amplification of noise associated with fluctuations in photoelectrons 

from black element of photocathode * G  i/-L_.„.  

Noise associated with amplified current from white element at target = 

Noise associated with amplified current from black element at target ■ 

/(1-C) 0tiT 

fä 
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Noise associated with return beam current from white element of target ■ 

fa -i) CHIT 

s e 

Noise associated with return beam current from black element of target ■ 

I1 r 1 + C )  GIT 

'        s e 

Combining all the noise contributions: 

V2    "    Gt     1T        +      (1-C)  °t 2lT +      GjiT   +      (l-C)GtiT   + (  1  ,1)GtiT 

s e s    e s e ä~m K 3 e 
s e 

+ v*(* 1 -1+ C) 

s e 

V = G. iT 

M J 
(13) 

The signal arriring at the electron multiplier section of the tube can be expressed 

GtlT        (l-C)GtiT as: <j = 
s e s e 

or * CG IT 
(M) 

s e 

Assuming no degradlation in the multiplier section, the signal to noise ratio for 

the image orthioon 
CGtiT 

a           . 
then  becomesi 

_    -       § e 
1) £5   |=t («, * f 

Z ■  c   /_ iT 

' /- 

(2-C) * 

MS 

2 r 

t - 
(13) 
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Substituting: 

i III 

f-   ° se 
IAET 
'(2-C) + _2 

MGt a (16) 

Substituting the relation: 

»■AN2 

3 

4.eN2 
3LAET, 

(2-C)    _2_ 
MGt 

(17) 

Plots of Eq.   (17) are shown in Figures 20 and 21 together with the curve of the 

photocathode noise limited equation (10). 

U.      APPROACHES TOWARD IMFROVED  PERFORMANCE 

One can approach the theoretical performance limit of a camera tube, imposed 

by quanta limitations at the photocathode, by the use of pre-scanning beam amplifi- 

cation.    The signal to noise ratio determination is similar to the one made in the 

previous section.    Let Gp represent the gain in the preamplifier stage. 

Consider the noise contribution from all sources. 

The noise associated with the current leaving a white element of the photocathode 

is 

\ se 

se      at the target. This is amplified to become G^G- 

The  noise associated with the current leaving a black element of the photocathode 

/   (1-C)_JI 
se 

(1-C)    IT   at the target, 
se 

This is amplified to become G^Gp 

The current emitted from a white element of the pre-beam electron multiplier 

stage is Gp iT.     The noise associated with this current is 
se 

amplified at the target to become    G^ 

G^ IT     which is 

i«. 
Be 

'• 



Similarly, far a black element this noise contribution 

becomes        Gt  /        (1-C) Gp IT 

se 

The current arriving at a white element of the target has an 

associated noise equal to / GtGpiT 

Y        se 

Similarly for a black element this noise contribution 

becomes /   (1-C)    C^GplT 

se 

Noise associated with return beam_current from white element 
(1   -    DtttGplT 

of target is       / M        . 
M 

2 

Noise associated with return beam current from black element 
/(      1    - 1   +  C^GpiT 

of target is       ./        M . 
\ se 

Combining all the noise contributions: 

/ = Gt\    2iT Gt2G
p   

2(l-OiT C^GplT Qfc \(1-C)i* 
'         I     +         +           +         

se se se se 

GtGpiT GtGpiTd-C) GtGpiTQ - I) Gt<^iTQ    " ]- + c) 

+       +           + 

\ 

se se se se 

gtVf |lGt(Gp+ 1)    (2-C) + I (18) 

The signal arriving at the electron multiplier section of the tube can be 

expressed as: 

cr    =    GtS1T       _       GtGp(1~C)    1T 

se se 

<?   -    COtOpiT 

36 

Assuming no degradation in th6 multiplier section,  the signal to 

(19) 

noise ratio then beccmes: 

CGtGpiT 

_Sfl_ 

"f"        = JÜÜ p-C)    (GtGp +   Ot)       I\ 
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y- c 

\ IT 
'se     r(2-C)     (1 se     r(2-C)     CTT-n    -».^JZ-1 y + op *«?TJ 

(20) 

Substituting: 

i =    LAE 

2. =        c 
LAET 

[' 
se    ((2-C)     (1 +    1   )    4-   _2 

MGtGp -] (21) 

Substituting: 

s    = 

we obtain: 

4,    N2 

3 

a 
v ke& 

jLAET 

(2-C)     (1+1) 

MG.G t  p 

(22) 

As developed,  Eq.   (22) represents the signal to noise ratio limitations of an image 

orthicon with pre-scanning beam amplification.    A basic assumption implicit  in the 

result  is that the target has perfect storage  capability so  that  there is no lateral 

diffusion of charge during the  scanning interval.    The  effect of the secondary emis- 

sion multiplier section in the output of the tube on the overall  signal to noise 

ratio has not been  considered.     From ^;.   (22)   it can be seen  that th^re 'ire  several 

ways  in which the overall  signal  to nois« ratio of t] e  Linage orthicon can be per- 

mitted to appro.-    -       basic   ■'■  lal  to nois-"1 lii Ltation   Imposed by the photocathode. 

:-"      ■■-■ ..    La a     Lot  of ";.      • .•'. •  \  th«; effect of varying the pre-scanning 

i Lific L|   together with a comparative | lot of  3q.   (10)  sh   .'.- g  the 

• • I -      Lirdt imposed by 1 sal     le.    Figur    23 is a 33 r      >t of ^q. 

(22)  ii  , 1 I ;h gain  target is -ased.    Figur   i .'.  la a : Lot of   ', i. 

the efect of varying V. e pre-acanning ;ain \ at various illumi- 

. 

% 



5.  EFFECT OF VIDEO RESFONSE A3 A FUNCTION OF LINE NUMBER 

The foregoing calculations take no account of the factors tending to limit the 

resolution of a camera tube through the creation of unsharpness in the image. As 

discussed elsewhere in this report, these factors will include imperfect focus in 

the image section due to variations in initial velocity of emitted electrons and to 

imperfections in the focusing fields, lateral leakage of charge in the image orthi- 

con storage target, and the finite spot size of the scanning beam. As indicated in 

Figure 23, even on an experimental image orthicon, the video amplitude response as 

a function of line number has fallen to k^%  at 600 TV lines.  It is this reduced 

video amplitude which should be used as the signal when the signal to noise ratio 

as a function of line number is calculated.  Note that noise due to the scanning 

beam will not be reduced for this reduced signal, since beam current will be that 

necessary to discharge large area white signals on the target. 

In a practical experimental setup, the bandwidth of the video amplifier is not 

varied when observing the resolution limitations of a camera tube.  Hence, although 

the calculations were made on a different basis, the noise contribution from the 

scanning beam will not vary as a function of the fineness of the test pattern being 

observed but only a? a function of the beam current necessary to discharge the target 

of the image orthicon and therefore as a function of the light level. 
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SECTION IV 

TRANSMISSION SECONDARY EMISSION AMPLIFIER 

1.  INTRODUCTION 

The transmission secondary electron emission amplifier approach to the problem 

of increasing the sensitivity of the image orthioon Is based on the extensive and 

original research and development program instituted by the Westinghouae Electric 

Corporation.  Basic work leading to an improved understanding of the secondary emis- 

sion process has been conducted on a continuing basis in the Westiaghouse Research 

Laboratories since 1951«  From these studies has come fundamental information rela- 

tive to the formation process of secondary electrons in metals and insulators (Ref- 

erences 2, 3, k» 5»  &)»  the mean free path and escape process of secondary electrons 

in these materials (Reference 7); and the penetration, energy loss, and scattering 

mechanism of kilo-volt electrons in solids (References 8, 9) and through thin film 

(References 9, 10, 11)« This background led to the suggestion of a new principle 

for transmission electron multiplication employing thin films of insultating materi- 

als by E. J. Sternglass of the Westinghouae Research Laboratories in 1933« The 

principle of electron multiplication transmission through a series of plane-parallel 

foils has long been recognized as offering important advantages over the conventional 

front surface type of electron multiplier. Previous efforts to incorporate this 

principle in a useful device employing thin metallic foils met with the practical 

difficulties of low yield, large penetration of fast electrons, and relatively high 

voltages required to penetrate foils of reasonable mechanical strength. These prob- 

lems were overcome by usiqg thin films of insulating materials aa secondary emitters. 

Secondary electron yields from insulators such as the alkaline earth ondes and 

alkali halides are known to be many times larger than those of pure metals (Reference 

12).  This increased yield may be explained by the much larger distances over which 

secondaries can diffuse in insulators as compared to metals. Tnus, direct 
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experimental evidence is available that the diffusion mean free path of secondary 

electrons in KC1 is about 2400 A, as compared to approximately 18 A in a typical 

metal such as gold. This increased path length in insulators arises from the fact 

that secondary electrons whose kinetic energy is less than the magnitude of the gap 

between the valence and conduction levels cannot lose their energy in inelastic pro- 

cesses with the valence band electrons. Instead, these electrons can only make 

elastic collisions with the lattice vibrations giving up very small amounts of energy 

of the order of kT per collision. This enables electrons in insulators with wide 

energy gaps to diffuse over very large distances before their energy is diminished 

to such an extent that they are unable to escape into the vacuum.  £y contrast in 

the case of metals, where there is no gap across which valence electrons must be 

lifted, low energy secondary electrons may lose their entire energy in one or two 

collisions. The long diffusion length in insulators results in high yields by al- 

lowing secondaries to escape from great depths. At the same time, the relatively 

thick layers that are optimum for transmission multiplication in insulators stop a 

large fraction of the incident fast electrons. 

The principle of transmission electron multiplication was developed to the point 

where the practical feasibility of utilizing thin insulating films in a plane-paral- 

lel arrangement for high-speed counting and imaging was demonstrated in 1^.33-6 (def- 

erences 13, 11;, 13, 16, 17). More recently, new techniques of preparing the thin 

film dynodea were successfully developed, leading to the practical realization of 

high gain and high resolution devices suitable for linage intensification applications 

(References 18, 19). The principle involved is shown in Figure 2k.    Electrons emitt- 

ed by a photocathofle are accelerated and focused on the first secondary electron 

multiplying dynode by axial electric and magnetic fields. Secondary electrons emitt- 

ed by the insulator layer of the dynode are in turn accelerated and focused on the 

following dynode with sufficient energy to eject additional secondary electrons from 
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Its opposite side. This process is continued through seyeral stages of electron 

multiplication. Electrons from tne final dynode are then similarly focused on an 

output phosphor where the input image appears amplified in brightness. 

2. Transmission Secondary Emission lynode Development 

This section describes the work done on transmission secondary emission (TSE) 

dynodes, both in our laboratory and in related projects at the tfestinghouae Research 

Laboratories (References 20, 21). 

a.  Characteristics of TSE Eynodes 

A number of different types of transmission secondary emission dynode structures 

have been investigated. All of them basically consist of a support ring, a thin 

film of metal and finally an insulator layer with good secondary emitting properties. 

Shown in Figure 27 is an example of a TSE film.  The thin metal film used in this 

dynode structure is aluminum, whose primary function is to provide electrical conduc- 

tivity while the secondary emitting insulator is KC1. The thicknesses used are not 

necessarily tue optimum as far as yield is concerned. They represent a combination 

that gives a significant yield at a reasonable voltage.  It has been found that the 

film support ring is an important consideration in this work. The material is chosen 

on the besis of its non-magnetic nature, working qualities, end thermal coefficient 

of expansion.  Selfsupporting films have been developed, allowing the omission of 

the supporting mesh structure used in earlier TSE dynodes. The self-sup]orting 

films, however, introduce a restriction on size arising from the fact that the great- 

er tue diameter, the easier it is to rupture the film, since unbalanced forces may 

develope due to differences in the electric field on both sides of the film. The 

size of  present dynodes is 3/4" in diameter, although films up to 1" in diameter 

have been fabricated. The u^per limit to size, however, is not yet known for self- 

supported films. 

The Al-KCl films are prepared according to the following schedule (.Reference 20, 

21)i 



1.) Nitrocellulose film is stretched over a metallic ring which has a central 

opening. The film supporting ring is an important consideration in this work. The 

structure of the ring must be such that the nitrocellulose settles down on it without 

wrinkling or tearing. After fabrication, the ring is polished mechanically to remove 

the gross roughness and then electropolished. It is then annealed in a hydrogen fur- 

nace to remove strains. Qualitatively, it was considered necessary that the ring 

have a smaller coefficient of expansion than the aluminum film in order to keep the 

Al film under tension and thus flat. Initially, the ring was made of Inconel witn 

an inside diameter of 3/4*» 

The original filming lacquer was made by mixing a number of solvents with nitro- 

cellulose.  In forming the organic film, deionized water is let into a large diameter 

crystallizing dish and a drop of the nitrocellulose solution is gently let fall onto 

the water. The nitrocellulose film spreads over the surface of tne water and as the 

jolvents evaporate, color changes take place showing that the thickness is changing. 

When the color is constant, the ring, which is spring-mounted on a large diameter 

metal disk with a central opening, ia carefully dipped into the surface film with a 

scooping action and then lifted out of the disk with a sideways motion. Care is ex- 

ercised tc prevent submerging the ring below the surface of the liquid in order to 

produce a smooth, taut film ever the ring. The film is then permitted to air dry for 

approximately jj minutes. A pair of tweezers is used to cut away the film which ex- 

tends beyond the ring. The films are about 7000 A in thickness. The nitrocellulose 

films are now baked in an air oven at 110-120 C for one-half hour as a film annealing 

measure. 

2«) The filmed rin^s are mounted on a support in a vacuum evaporator. Jeventy 

milligrams of aluminum are evajorated quickly from a tungsten filaraunt wnich is at 

the center of a sphere with a radius of 8", of which the support stand ia a aection. 

Such a geometry results in an equal thickness of Al on all the filmd. 



A deposit of I3.5 ug per sq. cm. results. This is equivalent to a thickness of 300 

o 
A based on the tulk density of Al. 

The films are now placed in an air oven and heated for two hours at 230°C, 

causing the nitrocellulose to be pyrolized and go off as gaseous decomposition pro- 

ducts. A mirror-like film results. An alternative method is to arrange the film in 

a firing can and place in a vacuum bell jar. j-fter exhausting the bell jar, oxygen 

is introduced into the system to a pressure of 3 to 6 mm Hg. The firing can is then 

uniformly heated with an RF coil at a temperature of 330° - 400 C for approximately 

10 minutes, 

j.) Potassium chloride is vacuum evaporated onto the aluminum to a thickness 

of 300 A. 

Figure 28 shows characteristic curves of an Al-KCl film as a function of incident 

energy of primary bombarding electrons. Total secondary electron emission yields 

have varied in the approximate range of 3 to 7« Also shown in Figure 28 is the 

fraction of transmitted primaries and the secondary to primary electron ratio as 

functions of primary energy. This is important because primary electrons, which are 

here arbitrarily defined as electrons with energies greater than 3° volts, are not 

focused as well as the secondary emission electrons whose energy is defined as being 

lesa than 3° volts. The greater the percentage of poorly focused electrons, the 

greater will be the be the background.  The effect of these transmitted primary 

electrons on image contrast is discussed later. 

Referring to Figure 28, it appears obvious that tber« is much to be gained ir. 

operating the tube somewhat below the peak voltage. There is only a relatively small 

loss in yield while the secondary to primary ratio is appreciably increased. It 

saould be pointed out that the "primaries" are very likely made up of two components, 

true incident electrons that pass through the film with more than 30 volts residual 

energy and high energy secondaries. 
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b. Improved TSE Dynodes 

During the early course of work on Al-KCl films, two serious problems aros« 

which made it necessary to seek improved types of TS£ films. It was found that the 

Al-KCl films tend to tighten as a result of normal tube processing, resulting in 

frequent film ruptures. This tightening phenomenon appeared to be due to a combi- 

nation of vacuum tightening of the aluminum layer and to a crystal growth and re- 

orientation of the KC1. Thermal coefficients between the two materials, as well as 

that of the support ring, may also have played a contributing role. To reduce the 

probability of film rupture, it was found necessary to use "slack" or"wrinkled" 

films and reduced exhaust bake temperatures. This introduced other problems, how- 

ever, since film wrinkles could be observed in the image produced by sealed-off tubes 

containing such films and lower exhaust bake temperatures did not permit a more 

thorough outgassing of tubes. 

It was also discovered early in the work that the useful lifetime, based on 

secondary emission decay, of KD1 is short under high density bombardment by electrons. 

The mechanism of decay of scondary yield is not yet well understood. There is no 

theory to help in the pre-selection of materials which would have incrased lifetimes. 

What is known is strictly empirical, the mechanism of decay being a complex solid 

state phenomenon. 

As a result of the limitations of the early Al-KCl dynodes, the substitution of 

more stable, rupture free, high gain secondary emitting materials was made necessary. 

In the course of our work with the use of TSE dynodes as pre-scanning beam amp- 

lifiers in an image orthicon camera tube, we encountered the interesting effect of 

MgO smoke deposits as the secondary emitting surface of the dynode. Maximum yields 

as high as 25 were observed in sealed off tubes. This combined with the ability to 

exhaust bake tubes at higher temperatures without resulting in film rupture, led to 

a continued investigation of smoke deposits of insulators. Such deposits are 

9C 



composed of very small particles situated one on the other.    They are of two types, 

those that are forced by evaporating a substance,  such as  Bafp,  in a partial pressure 

of a non-reacting gas such as argon and those produced by burning a metal,  such as 

magnesium in the presence of air to form MgO.    The density of   such smoke deposits 

is very low,    of the order of  1% of the bulk material.    The smoke particles may con- 

tain hundreds or even thousands of molecules.    The size of the particles deposited 

on the substrate is dependent on the gas pressure, the rate of evaporation,  the dis- 

tance of the substrate from the filament,   and the temperature of the substrate.    A 

vital consideration is that convection currents influence the height to which the 

smoke particles are carried and their distribution in space.    While  quantitative ex- 

pressions for the physical properties of smoke have not been established,  certain 

important parameters have  been found empirically. 

The MgO smoke deposits were prepared by burning magnesium metal in air accord- 

ing to the  following schedule: 

1.)    Nitrocellulose film stretched over a metallic ring in the manner described 

previously with the  A1-KG1  fi.lm. 

2.)    Aluminum vacuum deposited onto  the nitrocellulose  film to a thickness of 

300 2 as described previously. 

3»)    Nitrocellulose film pyrolyzed in an air or oxygen atmosphere as described 

previously. 

4.)     Magnesium ribbon placed about one-half  inch  below the bottom of   a foot 

long,  1-1/2  inch diameter glass  tube.     Ifynode  supported on the upper end 

of the glass  tube.     Magnesium ribbon ignited  and the particles of smoke 

carried up  by convection currents  and  deposited on the   aluminum film. 

It has been found that Ik inches of ribbon (1/8 inch x .006 inch) will 

deposit  about 20 microns of MgO if the dynode is removed at the  instant 

that the  burning begins to die off. 
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Various amounts of magnesium have been tried together with modifications of the 

smoke deposition technique in order to improve the uniformity, reproducibility, and 

secondary emission yield of the dynodes. Since desirable thicknesses and particle 

size cannot b* predicted from theory, optimum conditions must be determined empiri- 

cally. 

Measurements of yield characteristics made in a demountable tube on a typical 

MgO dynode prepared with a smoke deposit are ahown in figure 29. When cesium vapor 

was deliberately introduced into this structure, radical increases in secondary emis- 

sion yield resulted. Maximum yields as high as 2j> have been measured after exposing 

Al-MgO films to cesium. This increase could not be attributed to cesium enhanced 

field emission since the wide-spaced collector was only 100 volts positive with re- 

spect to the dynode.  It was found that sealed-off tubes containing self-supporting 

Al-MgO dynodes could be subjected to an exhaust bake of at least 300°C without ruptur- 

ing.  It was also discovered, however, that these sealed-off tubes developed 'bright 

spots» in the output image during operation in the camera, This was attributed to 

spurious emission points on the film. The residual current due to continuous emis- 

sion from these points was found to be too small to appreciably affect the electron 

gain measurements. The cause of this * bright spot* phenomenon was not determined. 

As a result of this phenomenon, the efforts were shifted to other types of self-sup- 

ported film which did not exhibit this behavior. 

The promising results with the MgO smoke deposit led to the investigation of 

Ba?2 smoke deposits by our Research Laboratories (Reference 21).  The Al-BaF2 (smoke) 

films are prepared in the following manner.  After fabrication of the aluminum film 

in the usual manner, barium fluoride is deposited by placing a piece of BaF    crystal 

in a 3/l6 inch diameter dimple made in a 1/4 inch wide thin strip of tantalum. The 

dynodes are placed about 3 to J.3  inches above the dimple. After evacuation of the 

bell Jar to approximately 10"-3 nan Hg, argon is admitted to a pressure of a few 
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millimeters and the tantalum strip ia slowly brought up to temperature.     Because 

BaF2 is colorless,  it  is not practical to monitor the amount deposited by light ab- 

sorbing optical methods.    For  this reason,  it has  been necessary to establish a 

reasonable thickness and structure  by empirical methods.    High gain and low fractions 

of penetrating primaries serTe as a criteria.     In an improved method,   the dynodes 

are mounted on a table which turns in vacuum by means of rotating magnets.    This has 

three  primary advantages:     a relatively large number of films can be made  at once, 

the films are more homogeneous within themselves,  and the gain from film to film is 

more uniform.    Typical secondary emission yield characteristics of   an Al-BaFg film 

are shown in Figure 30.    Electron gains  as high as 8 have  been achieved  in sealed-off 

tubes,    anooth,   self-supporting Ai-DaF2 films have been fabricated capable of with- 

standing an exhaust  bake of at least 3°° G without rupturing or wrinkling.    Success- 

ful use of Al-BaF2  (smoke) dynodes is now being made in image intensifier tubes 

(Reference 21). 

During the course of our work with smoke deposit films,   an Al-NAoAl F^  (cryolite) 

film was developed to eliminate the  limitations of the  aarly A1-KC1  dynodes.     Th» 

films were prepared in the following manner.    After fabrication of the aluminum film 

in the usual manner,  cryolite  is deposited by placing a known weight of the material, 

usually 18 mg,  in a \/k inch diameter dimple in a thin strip of molybdenum.    The 

dynodes are placed in a support 8 Inches above the dimple.    After evacuation of the 

bell  jar to approximately 10"-5 mm Hg,  argon ia  admitted to a pressure of 175 microns 

and the molybdenum strip ia  brought  up to  temperature until the cryolite has  been 

completely evaporated.     In an effort to establish optimum yield characteristics, 

variations  in argon pressure  as well as vacuum evaportation were  tried in addition 

to changes in the amount of cryolite.    Smooth,  self-supporting Al-Crjoiite films, 

]/k'  in diameter,  have  been fabricated capable of withstanding an exhaust  bake  of at 

least 300°C without rupturing or wrinkling.    The secondary emission characteristics 
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of an Al-Cryolite dynode with a smoke deposit of cryolite are shown in Figure 31« 

The measurements were taken in a demountable tube into which various alkali metal 

rapors were subsequently introduced to determine the effect ou secondary yield. 

Prior to exposing the film to the alkali metal vapors,   the maximum yields were usual- 

ly in the order of 2 as  shown in the curve A of Figure 31.    The effects  of exposing 

the same film to various alkali-metal vapors are shown  in cruves B, C,  and D of 

Figure 31,    Measurements in sealed-off tubes using Al-Cryolite dynodes showed peak 

yields up to 6. 

With the establishment that both Al-BaF? and Al-MgO films have favorable yields 

and an improved ability to withstand tube processing, the next step waa to check 

their lifetimes under electron bombardment.    Figure 32 shows comparative lifetime 

curves for these materials  and for A1-KC1.    The curves have  been normalized.    The 

curves clearly show that both MgO  and BaFp have longer lifetimes than KC1.    Note 

that  the secondary yield of A1-KC1 films decreases by $0% after 5 hours operation 

-9 2 with an input current density of 4 x 10      amp/cm .    Recent Al-BaF2 dynodes have dem- 

onstrated a half life of more than 25 hours under the same conditions.    In an image 

orthicon,  using three TS£ dynode stages with an approximate overall electron gain of 

-11 2 100, this input current density could be reduced to the order of 10" amp/cm , re- 

sulting in an increase in dynode life. This increase arises because of the inverse 

dependence of lifetime on current density as indicated in Figure ~}^, 

While substantial  advances have been made in the development of TS£ dynodes, 

some  problems remain to  be  solved.     Although film rupture during tube processing has 

been reduced  appreciably, occasional  breakage is still encountered with self-support- 

ing films during operation of the  tube.    While  the reason for this  breakage has not 

been definitely determined,   a number of factors are distinct  possibilities.    Statis- 

tically,   the  probability of a film rupture occuring increases  as the  number of dynode 

stages is Increased.    To circumvent  the problem of film rupture,  our Research 
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Laboratories have been fabricating dynodes using high transmission (99% open area), 

fine wire (.0003* in diameter) support mesh« The mesh is visible but in an unobjec- 

tionable manner, 

c. Energy Distribution of TSE Dynodes 

As shown in the section of theoretical limitations of resolution of a secondary 

electron emission amplifier, the effects of spread in emission velocities of second- 

ary electrons ejected from the dynodes is one of the most serious limiting factors 

in the resolution capabilities of TSE tubes. The fact that both secondaries and 

penetrating primaries are emitted with a spread in energies and with some angular 

distribution results in a circle of confusion at the target of the tube correspond- 

ing to a point of emission on the photocathode. Consequently, an important phase of 

the work has concerned itself with the determination of these energy distributions. 

A knowledge of these energies would make it possible to determine whether a given 

material is feasible as an emitter. 

The original work on the SiO-Au-KCl combination revealed that the energy distri- 

bution of secondaries f^om such films showed a mean energy of about 2 volts. When 

these measurements were attempted on the Al-MgO and Al-Bai?« films, a difficulty was 

encountered (Reference 21). It was found that the yield is a function of the elec- 

tric field across the film. This leads to the conclusion that the surface is charg- 

ing which does not permit any conclusions as to velocity distribution. This effect 

is demonstrated in Figure 34 which shows the energy distribution of two dynodes, one 

consisting of SiO-Au-KDl and the other Al-MgO.  In both case», the normalized values 

are the currents reaching the collector with a retarding grid between the collector 

and the emitting film.  In addition, these values are also normalized in that the 

collector current at -30 volts has been subtracted out. Measurements on Al-BaF2 

have given results similar to that of Al-MgO. 
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d. further Investigation of TSE Dynodes 

Whereas the earl/ TSE dynodes employed vacuum evaporated solid flima of alkali - 

halides backed by a conductive coating of aluminum, the new type dynodes consist of 

low density smoke deposits of insulators on a conductive substrate. The properties 

of this type of structure are of considerable fundamental as well as practical inter- 

est, but they are as yet not too well understood. Thus, it has been observed that the 

energy distribution of the secondary electrons and the total number emitted from the 

surface can be influenced by the applied electric f Je Id. This leads to the conclu- 

sion that the surface is charging thus causing high internal fields. The influence 

of such internal fields on the escape mechanism is not yet understood. It has also 

been found that alkali vapors tend to further enhance the secondary emission yield, 

often increasing the yield to many times that observed for the solid insulator de- 

posits. Generally, secondary emitters show a decrease of initial yield during con- 

tinuous electron bombardment. The 'half life" has been found to be quite different 

for various emitters. The mechanism of dynode deterioration is not well known. 

Further improvement of transmission type dynode performance, particularly as 

they affect secondary emission yield and stability as well as ultimate resolution 

obtainable in devices employing such dynodes depends upon a further understanding of 

these phenomena. An understanding can only be developed by further investigation of 

TSE dynodes. 

3.  Experimental Tubes with TSE Amplifiers 

a.  Experimental Image Orthicon Tubes with fre-Scannlng Beam TSE Amplifiers. 

Operable image orthicon tubes with two stages of self-supporting dynodes have been 

constructed, with resolutions of 400 - jjOO TV lines per inch being achieved. Dark 

current has been reduced to permit quiet operation of tubes at the higher voltages 

required for increased dynode yields.  At the end of the contract period, a two 

stage tube had been produced in which the threshold performance, with photocathode 
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Figure 36.    Image  Orthicon with two TSEM Stag es 
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sensitivity adjusted  to 100 ua per lumen,  exceeded  somewhat that of the «lestinghoiise 

WL-7198. 

Many problems remain to be solved In achieving a tube significantly more sensi- 

tive than the standard image orthicon, using the T5E amplifier approach, but there 

appear to be no fundamental limitations to such a goal. 

As shown in Figure 35 and 36, the present tube design consists of an extended 

image orthicon image section containing a flat photocathode and a series of cylin- 

drical, non-magnetic metal electrodes to establish the accelerating electric field. 

The TSE dynodes are mounted at the base of various cylindrical electrodes with an 

approximate inter-dynode spacing of 2 inches. The final dynode to target spacing is 

closer spaced as a result of the lower target bombarding voltage. Connections to 

all the additional electrodes in the image section are brought out to a 14 pin stem 

sealed at the front end of the tube.  A low leakage socket is used to connect this 

front end stem to the terminals of the high voltage power supply. The photocathode 

is connected to a pin sealed into the front end stem at the base of the faceplate. 

Cesium-antimony photocathodes were used in most cases. The remaining image section 

electrodes, including the final dynode, are connected to the normal shoulder pins. 

A standard image orthicon scanning and multiplier section is employed. The tube is 

located in a long uniform magnetic focusing coil which is operated at magnetic field 

intensities in the range of 120 - leO gauss. 

Comparative resolution vs photocathode illumination curves for three tubes con- 

structed with two TSE dynode stages are shown in Figure 37. Tube #19 represents an 

earlier design, utilizing glass spacers between dynodes, indicating the significant 

improvement in resolution capability of the more recent TSE tubes MC 5 and MC 7, 

using a metal cylinder electrode system.  It will be noted that the curves are norm- 

alized for a 100 ua per lumen photosurfa:e.  The method of comparison of performance 

is based on the fact that photocathode current is directly proportional to the 
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illumination level over the range of interest. Thus, for an image orthicon tube 

having a photooathode sensitivity of S microamperes per lumen to have the same reso- 

lution as a measured tube having a photooathode sensitivity of 10 ua per lumen, the 

light level for the former would have to be 10 times the light level for the measured 
S 

tube. The actual performance data for tube MS 5t f°r example, was 4&3 TV lines per 

inch at a photocathode illumination of 1 i 10" ft. candles and 200 TV lines per 

inch at 6.5 x 10~ ft. candles with a measured photocathode sensitivity of 19 ua per 

lumen. 

Figure 38 shows an image of a standard resolution pattern produced by a tube 

with two TSE dynode stages. Approximately 5 shades of grey and 330 TV lines were 

observed on the CRT monitor. Referring this to the 3/4* diameter of the dynode gives 

a resolution limitation of 4&3 lines per inch. 

As has been shown, the resolution capability of image orthicon tubes with TSE 

dynode stages have been reasonable at the higher light levels where quantum population 

at the photocathode is not a limitation. This observed maximum resolution is then 

a measure of the focusing ability of the tube. As the photocathode illumination is 

reduced, however, so that quantum population becomes a limiting factor in the "see- 

ing" ability of the tube, the resolution begins to degrade. This is shown in the 

section on theoretical signal to noise ratio limitations of camera tubes. The value 

of pre-scanning beam amplification lies in its ability to increase the overall signal 

to noise ratio at the output of the tube. 

Measurements taken in the image section of sealed-off TSE tubes have shown that 

gains of 25 or higher have been attained with two dynode stages.  In spite of this 

pre-scanning beam amplification, however, the expected improvement in threshold 

light level performance has not been observed. This can be attributed to the follow- 

ing possible causes: 

1) Spurious electrons reaching the target arising from field emission, 



Figure 38.    Image of Resolution Pattern of Z-Stage 
TSEM Image Orthicon 
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thermionic emission, and stray light photo-emission from the photocathode and other 

electrodes in the image section. As shown in the section dealing with the theoreti- 

cal signal to noise ratio limitations, dark emission results in a reduction of the 

electron image contrast ratio thereby decreasing the signal to noise ratio developed 

by the tube, particularly at low photocathode illumination levels. Ely means of suit- 

able electrode geometry, careful cleaning, polishing and surface treatment of image 

section components, as well as the use of special tube processing techniques, it has 

been found possible to reduce appreciably the dark current due to spurious emission. 

2) Decrease in secondary emission yield of image orthicon target due to the 

increased primary electron energy used in the final dynode to target stage of the 

tube or to surface contaminations resulting from TSE film bombardment and decomposi- 

tion. Measurements on recent T3£ tubes have shown that target gains appear to be as 

much as a factor of ten below that found in standard image orthicons.  This markedly 

reduced target gain is only partly due *Q the higher target bombarding voltage usual- 

ly used. Measurements of target gain vs. primary voltage in standard image orthicon 

tubes have shown a decrease in gain amounting to somewhat less than a factor of two 

at voltage3 up to 1200 volts, tfe can conclude then that additional factors are con- 

tributing to the apparent loss in target gain. This problem remains to be investi- 

gated. 

A possible solution to the problem of achieving the increased voltages required 

in the target stage for obtaining higher resolution without undergoing a loss in tar- 

get gain would be the use of the high gain, thin film target developed under our Con- 

tract AF33 (bib) 6^22. Another approach to the problem would be to coat the writing 

surface of the standard image orthicon target with a material such as MgO which ex- 

hibits maximum secondary emission yields at higher primary energies than the normal 

glass surface. The problem of possible interaction between the bombarded T6K  dynodes 

and the target surface would remain to be investigated. 
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Another possible solution to the problem of maintaining the increased voltages 

required in the final stage for obtaining higher resolution and also for achieving 

the lower bombarding energy necessary for higher gain at the target would be to in- 

sert another mesh parallel to and close spaced with the present collector mesh* Tht 

additional mesh on the dynode side of the final stage would be operated at a suf- 

ficiently high positive voltage with respect to the final dynode and collector mesh 

to permit the acceleration of secondary electrons across the final stage and then a 

deceleration to the target. For example, the following voltages may be used: 

Final dynode: -500 volts 

Interposed mesh:       +5°° volts 

Collector mesh:        + 2 volts 

Target: 0 

3) Interaction between the photocathode and the TSE dynodes.  It is known that 

continuous electron bombardment of TSE films results in a decay in yield which is a 

function of current density and time. This may be due to a gradual decomposition of 

the secondary emitting insulator layer of the film. The products of decomposition 

may have an adverse effect on photocathode sensitivity. Althou/uh no serious photo- 

cathode effects have been observed in our TSEM tubes, further data would be necessary 

to determine the effects of interaction.  As indicated earlier, the effects of the 

alkali vapors, used in the processing of multi-alkali photocathodes, on TSE dynode 

yield aa well as target gain would also constitute an area of investigation. 

4) Decrease in overall gain of multiplier section in output of tube. Recent 

tests have shown that the gain of the multiplier section of TSE tubes is appreciably 

below that of standard image orthicons. This appears to be related to the higher 

nugnetic focusing field intensities used in TSE tubes.  It has been found possible 

to increase this gain by the use o. a lower magnetic field intensity in the scanning 

section of the tube, together with a redesign of the final stage of the image section. 
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5)  Effect of penetrating primary electrons.  Examination of a resolution pat- 

tern image produced by a typical TSE tube, shown in Figure jo, indicates approximately 

4-5 shades of gray. The effect of primary electrons that hare penetrated dynode 

films is discussed in detail in another section« Thij analysis does not show any 

serious degradation in iruag« contrast due to penetrating primaries. In practice, 

light reflection from the first dynode and high energy backscettered electrons from 

the ciynodes and target will act to further reduce the contrast of the reproduced 

image.  It is known that appreciable amounts of light are transmitted by the photo- 

cathode.  In the TSE tube such light strikes the shiny aluminum surface of the first 

dynode and is reflected back to the cathode where it liberates electrons. If tiie 

light is reflected back precisely along its incoming path, it would simply add ad- 

ditional electrons to the signal. If, however, the incoming light makes a small 

angle with the normal, each element of the reflected image will reach the photosur- 

face displaced from its original position. The electrons released as a result of 

this process have a serious degrading effect on the image*  It is obvious that this 

reflecting surface must be covered with some non-reflecting substance «uch as al- 

uminum black. Some work has been done along these lines.  Figure 30 visually shows 

the beneficial effect of blackening. 

b. Transmission Secondary Emission Image Intensifies 

Investigation of transmission secondary emission dynodes had led to the develop- 

ment of a multi-stage image intensifier by our Research j-aborstories (Reference 22, 

23). As shown in Figure 2t>, electrons emitted by a photocathode are accelerated and 

focused on the first dynode by axial electric and magnetic fields. Secondary elec- 

trons emitted by the insulater layer of the dynode are in turn accelerated and focused 

on the following dynode with sufficient energy to eject additional secondary elec- 

trons. This process is continued through several stages of electron multiplication. 

Electrons from the final dynode are then similarly focused on an output phosphor 
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Figure 40.    Image of Resolution Pattern 2-Stage 
TSEM Image Converter Tube 
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where the input Image appears amplified in brightness. Experimental multi-stage 

tubes have been constructed using various types of TSF dynodes. Figure 4.0 shows an 

image of a resolution pattern produced by a two stage image converter tube using 

mesh supported dynodes. Four stage tubes have been built using one inch diameter 

Al-BaF2 dynodes supported on eloctroformed mesh with about 99!t open area. These 

tubes have electron gains of 1200-2400 when operated with interdynode voltages of 

U KV. The photon gain with 15 KV acceleration from the last dynode to the output 

phosphor is about 10,000. The limiting resolution is 13 line pairs per mm across 

25 mm. With no input and full voltage applied, the visible output from the tubes 

is essentially due to the amplified room temperature emission from the photocathode. 

It is concluded that transmission secondary «mission in this metal-insulator 

film offers a relatively simple and reliable method of constructing image intensi- 

fies which closely approach photoelectron noise limited performance. Therefore, a 

lens coupled TSR image intensifier and image orthicon introduces another approach 

to increasing the sensitivity of a television camera tube,  ^on taking into consid- 

eration the light losses due to optical coupling, the photon gain is sufficiently 

high to approach photocathode noise limited performance. 

U.    THEORETICAL RESOLUTION LIMITATIONS OF A TRANSMISSION SECONDARY ELECTRON 
MISSION AMPLIFIER 

The theoretical limitations of resolution of a transmission secondary 

«mission amplifier, using combined electrostatic and magnetic focussing in a plane- 

parallel electron optical geometry, are treated in a report, by H. Kanter of the 

W'estinghouae Research Laboratories and shown in Appendix II. In this analysis, the 

resolution is calculated as a function of emission velocity, variations in magnetic 

flux density, electric field strength, and interstate spacings. 

In general, the resolution capability is inversely proportional to the 

diameter of the circle of confusion established at the plane of focus aa a result 

of these electron optical parameters. The resolution per amplifying stage in the 

1U 



image section can be expressed by the following relationships. 

Due to spread in initial emission velocity,AV0, of secondary electrons: 

Due to variation in magnetic flux density,AB, of axial magnetic focusing 

field: 

A B   "*■ /aHt   CT- (2) 
Due to variation in electric field strength,A'E,  of applied  electric field: 

Due to variation in distance,Ad, between parallel planar electrode: 

Where:    d > distance between planar electrodes of amplifying stape 

ro -    voltage corresponding to the average initial emission velocity 

"• ■ voltage across amplifying stage 

B = magnetic flux density of axial magnetic focusing field 

m = electron mass 

e = electron charge 

n S number of loops per stage described by electron in spiral 

path perpendicular to the magnetic field- 

Assuming a gausuian distribution in electron current density across the circle 

of confusion and using the independence of all the above factors, one can calculate 

the total resolving power of one stage by the following equation. 

Jfl  

Hie following tables give some examples of quantitative values of resolution 
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limitations imposed by the various parameters. 

Table I shows the resolution limitations for typical TS"? multiplier stages. 

(fs =3500 volts, 4> = 2 volts) 

d 1.5 2.0 3.0 inches 

R*V0 * 1     A 
TIT % 

1165 874 584 lines/inch 

r v^)o     ^ 
for     AE   =  .01 

E 

5580 4180 2790 lines/inch 

for    ^d    .015 in. 2786 2786 2786 lines/inch 

Table II shows the resolution limitations for typical photocathode. multiplier 

stages. 

TABLE II 
(   <^e =3500 volts, 0O= .5 volts) 

d 1.5 2.0 3.0 Inches 

^Vo 4660 3500 2335 lines/inch 

^■AE 
for          A E   = .01 

E 
11,160 8360 5580 lines/inch 

R^d 
for     Ad   = .015 in. 

5572 

  

5572 5572 lines/inch 

Table III show3 th* resolution limitations for typical TSK multiplier target 

stag»s. 
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d   IS    DISTANCE    BETWEEN    PHOTOCATHODE   8    SCREEN 

B',B    IS    MAGNETIC   FIELD   INTENSITY 

n   IS    THE    NUMBER    OF   LOOPS     OF     FOCUS 

V   IS  THE     VOLTAGE    BETWEEN    PHOTOCATHODE   8    SCREEN 
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— 4000 

— 2000 
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Figure 4 1.   Nomograph for Determining Magnetic Field Intensity 
in Image Tubei 
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TABLE III 

( 0e = 500 volts, <t>0 -  2.0 volts) 

d 0.57 0.76 1.15 Inches 

RaVo uo 330 220 lin^s/inch 

for    AT,    = 
E 

.01 5580 4180 2790 lines/inch 

»Ad 
for     Ad = .015 la. 1056 1056 1056 lines/inch 

Table IV shows  the resolution limitations for typical TSE multiplier-target 
igps.      

(*.- 

TABLE IV 

-2.0 volts) 1,000 volts. 0O= "- , 

d 0.8 1.07 1.6 inches 

R-v0 625 467 312 lines/inch 

»4« 

for AE ■ 
E 

.01 
55SO aso 2790 lines/inch 

.015 in. U90 U90 U90 lines/inch 

Figure 4.1 is a nomograph showing the magnetic flux dansity   as a function of 

electrode separation and the number of nodes in the electron path for a range of 

stage voltages.     It is useful in readily establishing a consistent set of electron 

optical conditions assumed in the resolution limitation calculations. 

Tabl» V shows  the resolution  limitations as a function of magnetic field 

i-nsity wher* R^ß  = 3.34 X 10"^B  .     B 
n AB 
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TABLK V 

B 165 124 82 gauss 

" AB 
B 

.02 H00 1052 685 lines/inch 

B ■ 1 B    = .01 2800 2104 1391 lines/inch 

AB    = 
B 

.005 5600 4208 2782 lines/inch 

n = 2 1400 1052 695 lines/inch 

AB = .01 
B 

n ■ 3 933 701 464 lines/inch 

n ■ 4 700 526 348 linos/inch 

Table VI  shows  the total resolution per stage as determined by the 

combining formula for resolution given in Kq.  5. 

TABLS VI - TOTAL RESOLUTION P^R STACK 

a Ad Vend ^0 AT-, B ä B R°solution 

Typical 
in. 
1.5 

inches 
0.015 

Kv 
3.5 

Volts E Gauss B 
.01 

n 
1 

lines/in. 
2.0 U.U1 165 985 

Multiplier 2.0 .015 3.5 2.0 .01 124 .01 1 760 
Stage 3.0 .015 3.5 2.0 .01 82 .01 1 518 

Cathode 1.5 .015 3.; 0.5 0.01 165 .01 1 2160 
Stage 2.0 .015 3.5 0.5 .01 124 .01 1 1680 

3.0 .015 3.5 0.5 .01 82 .01 1 1142 

Target .57 .015 .5 2.0 .01 165 .01 1 400 
Stage .76 .015 .5 2.0 .01 124 .01 1 310 

1.15 .015 .5 2.0 .01 82 .01 1 212 
.8 .015 1.0 2.0 .01 165 .01 1 561 

1.07 .015 1.0 2.0 .01 124 .01 1 433 
1.6 .015 1.0 2.0 .01 8? .01 1 296 

Table VII shows the overall system resolution for multi-stage  tub°a as 

computed by a combining formula of the type given by Kq.   5. 
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Table VII shows the overall system resolution for multi-stage tubes as com- 

puted by a combining formula of the type given by Iqa 5» 

TABU. VII 

OViRALL SYSTEM h&JQLUTION 

B 
Gauss 

82 

Cathode 6tage 
Lines/in 

kultiplier ötage 
Lines/in. 

318 

Target dtage 
Lines/in. 

Overall Ke3olunon 
J .Stage 

Lines/in. 

226 

4 -it age 
Lines/in. 

1142 296 207 

124 1680 760 k33 330 302 

16S 21b0 983 361 428 393 

It is clear that the calculations of resolution based on the foregoing an- 

alysis are a measure of the electron focusing ability of the image section. One 

basic assumption is that there is no lateral diffusion of charge along the target 

of the tube during the scanning interval.  Other factors, such as quanta limitations 

at tht photocathode, are not considered.  The other conditions assumed in the calcu- 

lations, such as variation in magnetic focusing field intensity, variation in 

electric field strengtn, anu variation in stage spacings are only estimated values 

representing mort or less practical design limits. The contribution uut to tuese 

uncertainties may be kept fairly low. However, racial variations in field strength 

as well as non-parallel placement of the dynodes give use to image distortions 

whicn are not considered in tht analysis.  The main factor influencing resolution 

capability appears to be the spreac in initial emission velocity particularly 

lor large electrode spacings. iMevertheless, the calculations give a rough approx- 

imation of ';hfc lidits in resolution whicn coulc be achieved with transmission secon- 

dary emission amplifiers. 

«3 an example, dt_rj.ved in Table VII, tne tneoretical analysis predicts an 

in.agt section resolution capability of 4^8 TV lines per inch for a thret uynode 

stage tube, under the following assumed condition»; 
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Cathode-dynode stage and interdynode stage voltage: 3300 volts 

Eynode-target stage voltage: 1000 volts 

Cathode-dynode stage and interdynode stage spacing:  I«5 inches 

Dynode-target stage spacing: 0.8 inches 

Magnetic focusing field intensity: 165 gauss 

Variation in electric field strength: 1% 

Variation in 3tage spacing:  .OI3 inches 

i'«an energy of electrons emitted from dynode:  2 volts 

Variation in magnetic iocusing field intensity: 1% 

A major limiting factor in resolution capability, particularly in the final 

dynode-target stage, is the mean energy of electrons emitted from the dynode which 

has been assumed in the calculations as 2 volts. This value is based on the earlier 

ül-KCl film. *vs  pointed out in a previous section, the average energy of secondary 

electrons emitted by the more recent "smoke" type ToL films has not yet been deter- 

mined due to the observed charging effect.  The limiting effect of average energy 

of electron emission can be seen from the aforementioned relationship: 

Ü      = 1  jge 
Vo  2d  0e 

*iw IT : Ry0 ■ limiting resolution 

a  ■ stage spacing as determined by given stage voltage and 
magnetic focus field intensity. 

<fie      -   stage voltage 

i0      -  voltage corresponding to mean energy of emission 

Applying this to the final dynode-target stage; 

d   ■ 0.37 inches 

0e   = 300 volts 

t 
R 
Vo 

=   2 volts 

= 220 line pairs/in. = 4^0 lines/in. 
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Increasing the target stage voltage to 1,000 volts and increasing the spacing to 

0.8 inches, corresponding to the same value of magnetic focus field intensity of 

165 gauss assumed in the previous calculation, results in an increase of Ry to 

625 lines per inch. This value is still appreciably lower than that obtained for 

the cathode-dynode stage and the interdynode stages.  It can be seen then that 

higher voltages in the target stage would result in an increase in the resolution 

capability of the image section.  The effect of higher voltages in the target stage 

on target gain is discussed in another section. 

A3 shown by the calculations, the main factor influencing the resolution 

limitation is the spread in initial emission velocity particularly for large elec- 

trode spacings. The interdynode spacings used in the experimental bube3 were de- 

termined primarily by a desire to operate the tube in a uniform magnetic focusing 

field both for the image section «nri the scanning section. This was based on ex- 

perimental data which indicated severe resolution degradation in the scanning 

section of the image orthicon at magnetic focus field flux densities exceeding 160 

gauss. To avoid re-design of the scanning section to permit operation at higher 

magnetic focus field intensities and to further avoid the problem of operating the 

image and scanning sections at different focus field intensities, it was decided 

to design the structure to perform in a uniform, relatively low intensity magnetic 

focusing field. 

It is interesting to nute that applying the foregoing resolution limitation 

analysis to the image section of a standard image crtnicon, assuming planeparallel 

electron optics, results in a resolution capability well below that actually observed. 

This indicates that the predicted resolution performance may be on the conservative 

side. 

3.     mpü^TIJuL Lli-JTVriÜlw IIJ JjiNTriAoT Or' i, Th.J.oJ-JöJIoi-. o,hJu;<lMhY  iiUCTHOft 

iAlJoIOi; «i-JrLI/lJj? 
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In the transmission secondary emission multiplier, it is known that there is 

a fraction of primary electrons which penetrate the films, emerging on the exit 

side with relatively high energies. These electrons have been arbitrarily defined 

as having energies greater than ^0  volts. Üuch electrons cause a decrease in con- 

trast due to the difficulty of focusing them. Unfocused electrons cause a "halo" 

around every signal element.  The effect of these penetrating primaries is analyzed 

in a report by H. Kanter of the tfestinghouse Research Laboratories and shown ia 

Appendix III,  The analysis is carried out assuming that all primaries are stopped 

after one penetration an1 converted into secondaries with the same efficiency as 

are focused secondaries. This assumption should result in the maximum possible 

degradation of contrast due to penetrating primaries.  The results for a three 

stage TSEM structure using 2 inch spacings between dynodes are computed in ths 

following paragraphs. 

The number of electrons in the halo produced by the penetrating electrons 

relative to the number of electrons in the signal spot is: 

iWo = (n-1)  771 $ 23      +      n  1 

where: n    =    number of stages    = 3 

yj 1    =     number of penetrating electrons per   incoming electron    = 0.2 

S 1    ■     secondary emission ratio for secondary electrons    = 3 

o 2    =    secondary emission ratio for electrons which have penetrated 

the  preceding dynode  film and  arrive with an energy larger 

than that of the  signal electrons = jj 

therefore: 

jaia   = 0.12 

The ratio of signal spot area to area of the halo is given by: 
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I   TPP « Sin 2 $ 

where:  k = numbjr of revolutions per stage of secondaries = 1 

B = resolution in line pair3 per mm = 8 

d = interdynode spacing in mm = $0 

&•   = average energy of the penetrating electrons relative to the 

primary energy = 0.6 

0   =  scattering angle of penetrating electrons = 20° - 3°° 

therefore: .-_£ = 2.1 A.  10''» 
g 

The ratio of the brightness in the signal spot to the brightness in the 

surrounding halo for a single point becomes: 

/ R_r N 

'point  «g      g 
l-JL. = ^halo .  f = (0#lt)  (2.1 A  10"^) 
\B3 ''point  Ms      S 

ä « 2.5 I 10--5 

or the contrast ratio is practically one for a reproduced single spot. 

Estimating the contrast in the neighborhood of a single line, one must 

consider the fact that the brightness of the overlapping halos of neighboring 

points adc up and thus the contrast decreases.  Taking this effect into account, 

the brightness ratio for a line becomes approximately one. 

Quoting from the conclusions of the research report: 

"It should be mentioned, however, that these results are only estimates, 

since we considered only the most important group of penetrating electrons, uamely, 

those which have penetrated a film once.  Those electrons which pcnetrateu more 

dynodes will give rise to a decrease in the above contrast figures.  AISO, electrons 

back scattered from a film will introduce additional background brightness. Because 

of this complexity, it is difficult to account for the effects of all these ■buck- 

ground" electrons in a reliable way.  An experiment must give the answer. 
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Nevertheless,   the equations developed here  show  the  Important factors  involved 

in the contrast of an Image. 

1.     The  penetration ratio 77     ,   should  be  as  small  as  possible. 

<:.     The yield  for  penetrating electrons   o% should   be  as  small 

as  possible  compareu with the yield       S i- 

3.     The resolution of the   system should  be  as high a? possible. 

k.     The  ( OC Jin <f> ) of the penetrating electrons should be maximized." 
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SECTION V 

FRONT SURFACE SECONDARY ELECTRON EMISSION AMPLIFIER 

1.  INTRODUCTION 

As explained in a previous section of this report, theoretical calculation« and 

experimental measurements agree that noise iatro^uced in the scanning process is a 

principal limit in seeing at lower light levels with an Image orthicon type camera 

tube.  A practical solution to this problem is to increase the signal stored on the 

target for a given light level by use of a more sensitive photocathoue, by use of a 

low noise image amplifier between the pnotocathode and the target, or by use of a 

tax-get witn a ingner secondary emission ratio for increased target gain. Early in 

the term of this research, we decided jointly with the *ir Force task scientist to 

devote our major effort to the second course of action, and to concentrste on image 

amplifiers using front surface secondary emission from fine Venetian blind or mesh 

structures. This choice was made to obtain the advantage of extremely low operating 

voltage to lessen insulation and power supply problems in future airborae applica- 

tions, and to choose an area of effort which was not at that time, as feu- as we 

know, being explored in any other laboratory. *t was realized that the resolution 

of the resulting electronic image would be poor, but the prospect of obtaining a 

gain of 5 or more per stage with a stage voltage of only 300 to 500 volts appeared 

attractive enough to justify the effort.  This decision was also based on the fact 

that the resolution obtainable in a picture televised at very low light levels is 

limited by statistical fluctuations in the photo electron emission current.  *e 

hoped, of course, to find ways to improve the resolution by design refinement after 

an amplifier had been developed. 

The phenomenon of image intensification which depends upon front surface sec- 

ondary electron emission is not new. Early work in this field, however, resulted 

in image intensifiers with retner limited resolution and gain.  Two main problems 
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arise in applying the principle of front surface secondary emission amplification to 

image intensification. 

1 
a. Secondary electrons emitted from solid surfaces bombarded by relatirely 

high energy primary electrons have a broad range of initial Telocities. A typieal 

emission energy distribution is characterized by two main groups of electrons, one 

having energies up to sereral volts and the other with energies near that of the in- 

cident primaries. The first group, comprising the true secondaries, contains 80-90% 

of the total emitted electrons while the second ^roup, comprising the reflected or 

back scattered primaries, contains most of the remaining electrons with the exception 

of a small percentage with intermediate energies.  Electron optical systems are norm- 

ally incapable of focusing electrons with a wide energy spectrum, and an attempt to 

focus electrons emitted from a point source results in a circle of confusion at the 

plane of focus. This effect is analogous to the phenomenon of chromatic aberration 

in light optics terminology. Since it is not possible to focus all secondary elec- 

trons, eren in the low energy group, one usually compromises by designing the elec- 

tron optical system to focus the most probable emission energy, normally about 2 

rolts. Electrons with different initial energies will then be defocused and will 

establish an upper limit to the resolution capability of the device. 

b. Another problem associated especially with image amplification employing 

secondary emission from vanes or mesh is the fact that a significant fraction of high 

energy incident primaries may be transmitted through the dynode structure resulting 

in image defocusing and thereby degradation in resolution and contrast. 

The general approach taken in all of these tubes is shown in Figure k2.    The 

device consists essentially of an image orthicon containing a series of parallel, 

close spaced secondary emission multiplier dynodes in the image section between the 

photocathode and the target.  In the most successful version, these dynodes were 

Disced close to the target collector 7!~sv: a that   photosurfac» could bs formed 
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in the normal manner by evaporation from sources located on the  target support cup. 

The photoelectrons were focused on the first dynode by use of the solenoidal magnetic 

field. The succeeding dynodes were to be spaced as closely as possible so that 

secondary electrons would be strongly accelerated by the paraxial electric field with 

jiii^ slight lateral spreading due to emission velocities. Two basic secondary struc- 

tures were employed in our investigation, the "Venetian blind* type of multiplier 

structure with its array of inclined metal vanes and the fine raesh metal screen. In 

both cases, the electron bombarded surfaces of these dynode structures were processed 

so as to possess a high secondary emission yield, In the course of our work, the 

fine-mesh screen dynode was exclusively selected because its finer structure permitted 

a higher resolution capability than the coarser "Venetian blind" dynode structure. 

In the following sections, our experimental work with front surface secondary 

electron emission amplifiers will be described more or less in chronological order 

as a means of covering and evaluating all the various avenues of approach that were 

investigated. 

2.  VMffi.TI.AN BLIND MULTIPLIERS 

Although very few experiments were made with the inclined slat Venetian blind 

type structure, certain techniques were devised which are recorded here for reference. 

In general, the vane structure was made from .005" or thinner silver-magnesium alloy 

sheet by use of piercing and forming dies.  In the interest of minimizing expenditures 

for experimental tooling, we attempted to form a fine vane structure with a guillotine 

type die which sheared and formed a vane at a time from the raw stock. Unfortunately, 

this method did not work well, since stock from the vane was usually drawn into the 

sheared region, and this resulted in badly distorted vanes when an attempt was made 

to achieve a fine structure of 30 to 100 vanes per inch. Our initial experimental 

tubes had only 10 or 20 vanes per inch, showed a measured electron gain of more than 

3 per stage, but gave extremely poor resolution and contrast, which so degraded the 
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Image that the threshold sensitivity »as worsened rather than improved. 

A method was devised but never fully evaluated for forming a fine vane structure 

from thin silver magnesium alloy foil, in which the stock was formed but not pierced 

using a rubber die technique. In this method, the surface of a single flat metal 

die was cut with a shaper or milling machine to have a series of parallel ridges 

whose crosi section was like the shape of sawteeth. The thin metal sheet was laid 

over the surface of this die and pressed into the grooves with a rubber platen.  Ifcr 

suitable design, the unformed metal sheet outside the vane area could be held in 

place by the pressure between the platen and the die. We then intended to coat the 

formed sheet with photoresist, and to expose the resist from a single light souroe 

placed at an angle so that each vane would shadow the area behind it which was to be- 

come a slot in the final dynode assembly. The unexpes ed resist would then be washed 

away from the slot area, and the slots opened by acid etching. 

After formation of the Venetian blind structure, the secondary emission surface» 

were prepared by oxidation prior to insertion into the tube, using a schedule similar 

to that employed in the processing of image orthicon djnodes.  In general, this pro- 

cessing schedule consisted of the following: 

(1) lynodes inspected for freedom from excessive burr, holes, tears, or broken 

vanes. 

(2) Arranged dynodes in firing can and placed in vacuum bell jar. 

(3) Exhausted bell jar down to approximately 10 mm Hg pressure. 

(k)     Introduced water vapor to pressure of 300-600 microns Hg. 

(3) Uniformly heated firing can with RF coil until dull red color (approximate- 

ly 630° - 700°C) is reached. 

(6) Reduced RF power and continue heating firing can for four minutes. 

(7) Turned off RF power while continually adding water vapor to maintain 

pressure ol" 3OO-600 microns Hg. 
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(8) Allowed firing can to cool and exhausted system to a pressure of approxi- 

mately 3 microns Kf. 

(9) Introduced air into system until pressure reached jüü-6uu microns Hg. 

(10) Uniformly heated firing can wtth HF coil until dull red color (approxi- 

mately 650° - 700 C) was reached. 

(11) Reduced HP  power and continued heating firing can for four minutes. 

(12) Turned off RF power while continually adding air to maintain pressure of 

300-600 microns Hg. 

(13) Allowed firing can to cool and removed from system. 

(14) Dynodes should have a shiny straw colored appearance. Rejected for over- 

oxidation (dark color), under oxidation (metallic silver color), and signs 

of contamlnatiou. 

At this time, however, the work with the transmission mesh multiplier structure 

began to show more promising results, and we chos» to shelve the Venetian blind ap- 

proach. This decision was based on our belief that the resolution obtainable from 

such a structure could not be finer than the dimensions of the vanes. Since our 

initial mesh multiplier experiments had been performed with 300 line per inch mesh, 

and we were encountering difficulty in making Venetian blind dynodes with more than 

30 vanes per inch, the reasons for the change seemed rather compelling. 

3. TRANSMISSION MESH MULTIPLIERS 

a. Theory 

One method for obtaining planar secondary emission dynodes from which the sec- 

ondary electrons may be readily accelerated and focused is by the use of a trans- 

mission mesh multiplier.  In this structure, a schematic diagram of which is shown 

in Figure k.i.  a metal mesh is coated with a good secondary emitting material, end 

bombarded by the electromagnetically focused electrons from the photocathode. Those 

primary electrons which strike the meah bars cause liberation of secondaries which 
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are urged through the mesh holes by the electric fields on either side of the mesh. 

The gain of such a structure may be calculated as follows. Since the primary elec- 

trons will have been acxelerated through a potential difference of 300 to 800 volts 

before they approach the mesh, tneir paths will be essentially straight and undeviated 

by the small field perturbations around the mesh holes. Therefore, the fraction of 

the incident primary electron current which passes through the holes without striking 

the mesh bars will be very closely equal to the optical transmission of the mesh. 

These electrons will not, of course, result in secondary emission gain, and since 

they emerge from the mesh with a high initial velocity, may not be focused by a mag- 

netic field appropriate to focus the secondary electrons. Jay Burns of the Chicago 

Midway Laboratories has proposed a method of bringing electrons with two widely 

different initial velocities to a focus in the same plans by a combination of proper 

spacing and voltages between screens.  (Reference 24) 

The electron gain of a mesh dynode is best expressed as the quotient of the 

total current leaving the dynode to the right divided by the incident current frcm 

the preceding dynode or photosurface. To a first approximation 

G ■ *L.   =    Tij + 8   (i-T)        ilT 
11 h 

Where G    =    electron gain of dynode 

i2    ■    current leaving at dynode 

i.    =    current arriving at dynode 

T ■      optical transmission of mesh 

0"      secondary emission ratio of  dynode surface 

G -      T     +    8   X    (1-T) 

In this case,  we assume that the  secondary electrons are all emitted back toward 

the  photocathode,   that they are  turned around  and rain down on the mesh,   and that 

they are  also not   influenced  by the field perturbations around the mesh holes so that 
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the fraction of secondaries passing through the holes is equal to the optical trans- 

mission of the mesh« We have shown experimentally that this is not so* Under condi- 

tions in which a weak field is set up immediately in front of the mesh and a strong 

field employed behind the mesh, there is a substantial field penetration through the 

mesh holes which may cause nearly all of the secondary electrons to pass through the 

mesh holes. This factor is added to the equations 

G = T+ g$T (1-T) 

where g usually has a value between 1 and i/T. 

The importance of achieving a high secondary eminsion yield from the surface of 

the mesh bars, as well as high g or a secondary electron extraction factor, is ap- 

parent from this analysis. For a typical mesh with a $0% optical transmission, a g 

f«ctor of 1.2, and a »econdary eiaission ratio, o ,  of 6, the electron gein per stage 

will be only .5 + 1.2x6x.25 = 2.3, which compares poorly with a gain of 5 V**  stage 

which may be realized in a Venetian blind type structure.  As described below, during 

the course of this research we devised dynode processing means, tube structures, and 

modes of operation to obtain both a very high secondary emission ratio and a high ex- 

traction factor.  A description of this experimental work follows, and is divided into 

three stages which occuired in more or less chronological order. 

b.  Use of Fine Electroformed Mesh 

As indicated above, our object was to obtain a very fine mesh structure to permit 

realizing high resolution in the amplified pattern.  Initially, our multiplier dynodes 

consisted of standard elcctroformed copper mesh with _,0'->  mesh bars per inch and bh% 

optical transmission, normally U3ed as camera tube collector mesh.  These mesh were 

placed about .050" in front of the normal image orthicon collector mesh and were pre- 

coated with a secondary emission material on the pho toe at ho de side,  in our prelimi- 

nary work, we selected Ag-0-Cs and KCL as the secondary emitting surface for the 

dynode structures, both of which had been reported in the literature us having 
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reasonably high secondary electron yield at comparitively low primary voltages. 

Initially, the Ag-O-Cs secondary emitting surface KM prepared according to tha 

following processing schedule: 

(1) Mesh structures located in vacuum oell jar and system exhausted to prensure 

of approximately 10"-^ mm Hg. 

(2) Evaporated approximately 100 A of silver on surface of mesh, 

(3) Mounted mesh dynodes in tube with silvered photocathode. 

(il) Tube sealed to exhaust system and baked. 

(3) Silver surfaces of mesh dynodes oxidized by introducing oxygen into tube 

to pressure of several millimeters Hg, with pumping system cut off. 

(6) Applied RF glow discharge to mesh dynodes. Resulting color changes on 

dynodus surfaces observed until they had passed through the yellow and 

red stages and reached blue, when the discharge was discontinued. 

(7) Cesium added to dynode surfaces during normal sensitization of the photo- 

cathode. 

Measurements of electron gain as a function of primary voltage were made on 

tubes containing a single Ag-0-Cs mesh multiplier stage in the image section.  In 

these measurements, the image orthicon collector mesh was held bOO volts positive 

with respect to the dynode mesh.  The dynode electron gain was found to have a max- 

imum of slightly over 2.2 at a primary voltage of 500 volts. Note that this dynode 

gain Implies a considerably larger secondary emission ratio, which as indicated 

previously, may be about 6. 

Imaging tests on these tubes showed no improvement in sensitivity, which was 

attributed to the effects of other variations in the tubes which were likely to 

override the small measured gain. The next experiments, therefore, were made with 

three secondary emission stages from which we hoped to obtain an order of magnitude 

increased in sensitivity. The choice of structure was at first strongly influenced 
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by mechanical design and tube assembly problems. 

To provide the additional  leads required for a multi-stage pre-scsnning beam 

amplifier tube,  a 14 pin image stem was designed and fabricated by spacing seven 

additional pins on tha same circle diameter, mid-way between the pins of the stand- 

ard stem.    Clearance holes were drilled in the  standard linage orthicon shoulder 

socket for these added leads while maintaining the standard image orthicon connec- 

tions.    Thus,  experimental image orthicons with multi-stage pre-scanning beam amp- 

lifiers could be field tested in standard  image orthicon cameras. 

As the  fir3t. approach to obtaining a 3-stage mesh amplifier,  a design was 

adopted employing a dual  image  section.     In this structure,  electrons from the 

photocathode    spiral  through one magnetic loop of focus onto the  first mesh multi- 

plier dynoae.    Secondary electrons  from this multiplier are then accelerated onto  a 

close-spaced second dynode to minimize the lateral  spread.    Siiailary,   secondaries 

from the  second dynode are then accelerated onto a close-spaced  third dynode  and 

finally secondary electrons from this dynode spiral through another  loop of magnetic 

focus onto the target.    In this typa of structure,  the multiplier section could be 

built  into  the electrode  structure  prior  to  the  image  bulb to  stem glass seal since 

it was  far enough away  from the  sealing zone  to avoid damage  from the sealing fires. 

The  target-mesh assembly  was mounted on the  target  support cup after  the  image seal, 

by the standard means of passing it through the 2' diameter neck and installing it 

by use of a long manipulator.     A schematic diagram of the tube  structure is shown 

in Figure 44«    To use this tandem image section,  it was necessary to increase the 

image  bulb length to approximately twice   that of a standard  image orthicon  and a 

special  long magnetic  focus coil was designed ami constructed to  test  these  tubes. 

Four  tubes  of this type were constructed  each having three Ag-O-Cs mesh multiplier 

stages  in the  image  section.    Close  spacing of the multiplier screens  was assumed 

essential  in order  to  keep transverse  spread of secondary electrons at  a minimum. 
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However, the tubes that had dynode spacinga of .010" and .015" were made inoperable 

by the fact that the fine mesh screens collapsed toward one another due to the un- 

equal electric fields on either side of the screens. This difficulty was eliminated 

in later tubes by increasing the multiplier spacing to .OjjO". Test data on these 

tubes indicated that a maximum resolution of 250 TV lines and fair contrast was ob- 

tained. However, overall maximum electron gain ioeasurements for the three stage 

structure were only about 2, compared to 2.2 for a single stage structure, and com- 

pared to an expected gain of up to 40 calculated from an assumed secondary emission 

ratio of 10 and an electron extraction factor, g, of 1.2. 

An effort was made to improve the processing of the Ag-0-Cs secondary emitting 

surfac« by forming the silver oxid« layer before mounting the dynodes into the tube. 

This produced surfaces with excellent uniformity but difficulty was encountered in 

devising a tube exhaust schedule that would permit effective outgasaing without da- 

composing the silver oxide. A change to oxidizing the silvered surface of the mesh 

by using a d.c. glow discharge between adjacent dynodes, during tube exhaust, re- 

sulted in somewhat better control of surface color, but no increase in electron 

gain. Continued unsuccessful attempts at producing V-0-Cs surfaces with high sec- 

ondary emission yields led to a discontinuation of work on these sufaees. As the 

time we attributed the poor results to the following factors: 

1. A critical step in dynode processing consisted of adding cesium to the 

silver oxide surface during tne normal formation of the Bi-Ag-O-Cs photo- 

cathode. With this technique, it appeared that the proper conditions for 

producing high yield Ag-0-Cs surfaces were incompatible with the formation 

of efficient cesium-bearing photocathodes. 

2. Poor preparation of the Ag-0-Cs surfaces on dynode stages subsequent to 

the first, due to the apparent shielding effect by the first fine mesh 

dynode on the oxidizing atmosphere and the cesium vapor. 
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On the basis of oux previous experience with the Venetian blind dynode struc- 

tures, we then attempted to form the more stable magnesium oxide secondary emitting 

surface on our fine electro-formed copper mesh* A first attempt to coat the meah 

by evaporation with metallic magnesium and to form a magnesium oxide surface by in- 

troducing oxygen during the I»O0°C exhaust bake was unsuccessful. Maximum electron 

gain per stage was only about 2, and photosurfaces were very poor. We thought this 

might be caused by evaporation of the magnesium from the mesh before and during the 

oxidation step.  An attempt was made to ev«x»ratively coat the mesh with silver and 

magnesium to simulate the condltons found in forming a magnesium oxide film on a 

silver magnesium alloy electrode. The photocathode sensitivity was then satisfact- 

ory, but the dynode gain was still poor. 

In subsequent experiments, magnesium was vacuum evaporated on one siae of a 7^0 

wire per inch electroformed copper mesh with an optical transmission of $5%.    The 

magnesium was then oxidized prior to insertion into the tube structure. With this 

technique, s maximum electron gain of 1) was obtained. 

IXiring the time that these measures were being taken to improve the secondary 

emission yield of the surfaces, the tube structure was revised to place the trans- 

mission mesh multipliers immediately adjacent to the image orthlcon collector mesh, 

»o that only one magnetically focused image section was used between the photocathode 

and the first mesh dynode. Lateral dispersion of the secondaries was again to be 

limited by use of close inter-dynode spacing and high paraxial accelerating fields. 

This design change avoided the problem of our inability to focus magnetically both 

the secondary and penetrating primary electrons.  It was accomplished by devising a 

bulb sealing process which would permit installing the multiplier mesh before the 

seal without heat damage.  The revised tube structure had essentially a standard 

length image section and hence could be operated or field tested in a standard image 

orthlcon camera with only the addition of a special sno.Jder socket and a high voltage 

power supply. 
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Despite the changes outlined abore, resolution and contrast were poor on these 

tubes whenever the tube was operated in the amplifying condition and electron gain 

continued to be lower than expected. A check was made to determine whether photo- 

emission from the mesh dynodes was contributing to the poor image quality. While 

photoamission was found, the resulting photocurrent was less than 1%  of that measured 

from the photocathode, and we discarded this factor as a ceuse of poor" imaging. Sev- 

eral single stage multiplier structures were made in which the photocathode side of 

the copper mesh was ocated with silver and magnesium, but in which the reverse side 

of the mesh was coated with gold, which was expected to act aa a getter for cesium. 

->ome of these structures showed gains as high as 3'5  at 400 volts compared to 2.3 for 

structures without gold.  Inconsistency in these results, however, discouraged us 

fro*, pursuing this technique, 

c. Use of A Shaped Mesh Structure 

A second asries of experiments was conducted in an attempt to form the dynode 

mesh bars to increase the effective secondary emission yield, to improve the extrac- 

tion factor for secondary electrons, and to channel the secondary electrons perferen- 

tially through the nearest mesh hole to improve resolution.  Basically, this consisted 

of attempts to make mesh bars with ridge shaped faces, the peak of the ridge being 

aimed toward the preceding stage. This work overlapped both the fine mesh experi- 

ments described in the preceding section and the etched silver magnesium foil dynod«! 

experiments described in the preceding section. The reasoning governing this approach 

is as follows: 

1) i'or most materials, tne secondary emission ratio varies as a function of the 

angle of incidence of the primary electrons, having a minimum for normal incidence 

und frequently a significantly higher value for angles approaching grazing incidence. 

By  use of the triangular cross section or similery shaped mesh bars most of the 

nearly paraxial primaries could be r.ad° to strike the surface at an angle to the 
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normal, whicn should Increase the secondary emission yield. 

2) Work on secondary emission which had been performed by Dr. Helmut Kanter of 

the Westinghouse Research Laboratories indicated that the distribution in emission 

angle for secondary electrons did not follow the usually assumed cosine function 

about the normal to the surface if the primary electrons approached the surface at an 

oblique angle.  Instead, his results at that time indicated maximum secondary «mission 

along the direction of a specularly reflected ray. Thus there was hope that the use 

of triangular shaped mesh bars would result in secondary electrons which would be 

directed down into the nearest mesh hole, resulting both in improved electron gain 

and resolution. Although other workers in the secondary emission field disagreed 

with Kanter's results, and found the usually assumed cosine distribution, we reasoned 

that the shift of the normal to each element of the surface toward its nearest mesh 

hole was beneficial and hoped through use of sufficiently strong fields to urge the 

secondaries through these holes, thereby limiting the lateral trajectories of the 

secondary electrons without decreasing the yield. 

3) We also hoped to obtain two further advantages. First, since most of the 

secondary electrons would originate on the inner tapered walls of the triangular 

shaped mesh bars within the entrance to a mesh hole, there would be a physical barrier 

to prevent many of them from drifting to other holes. Secondly, the surface of the 

mesh would suppress optical reflections of light transmitted through the photocathode 

which might otherwise generally re-excite the photocathode and cause loss of contrast 

and resolution. 

To confirm this reasoning and to obtain data on an optimum combination of mesh 

bar shape, mesh thickness, hole size, and inter-dynode spacing, a series of two di- 

mensional structures were set up on a rubber membrane electron trajectory plotter. 

Three general shapes of mesh bars were studied, the "kidney bean" or "cupcake* cross 

section found for the electroformed mesh we had been using, an isosceles triangle 
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croas section mesh bars, and a variation of the inclined slat or Venetian blind shape 

which we though possible to reproduce in electroformed mesh.  In this study, the 

initially horizontal stretched rubber membrane was distorted vertically by small 

wooden or plastic blocks whose cross section represented models of mesh bars. The 

horizontal surface of contact of each block with the membrane was set at a height to 

represent the potential applied to each in the actual tube structure, with the cath- 

ode iiighest and the following collector mesh lowest. Steel ball bearings were started 

from rest at the "cathode surface', and allowed to roll toward the dynodes.  Secondary 

emission velocity effects could be simulated by starting balls from rest at various 

points on the dynode mesh bar surfaces and comparing their trajectories with those 

found when controlled initial velocities were used. 

Although the work done was of a qualitative nature, several conclusions were 

reached: 

1) The "kidney bean" shaped mesh bars of normal fine electroformed collector 

mesh is not very effective despite orientation to face the convex surfaces toward 

the incident electrons. For any typical voltage ratios and spacings there is a 

large dead area in the center of each mesh bar. Here, emitted electrons see a strong 

retarding field and are repelled back into the surface from which they have been 

emitted, hence they do not reach the succeeding multiplier stages.  Only a relatively 

small percentage of the area of each electrode, therefore, is effective in producing 

secondary electrons. 

2) Mesh bars with the cross section of an isosceles triangle are far more ef- 

ficient, and have for some voltage ratios and spacings practically no dead areas. 

3) The Venetian blind type structure is still more efficient since it may be 

made nearly impervious to primary electrons, so that all primaries will strike a vane 

and result in secondaries. 

The efficiency of a mesh multiplier, which is defined as the fraction of 
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secondary electrons emitted from a dynode which arrive at the active area of the 

succeeding one, is not only dependent on mesh bar shape, space, and the optical trans- 

mission of the mesh, but also on the relative registration of holes and aesh bars in 

succeeding stages. Unfortunately, the obvious swans to obtain high multiplier ef- 

ficiency by placing the bars in one stage behind the holes in the previous stage 

would result in rapid loss of resolution as the number of stages is increased. This 

results since the electrons which emerge from a single hole are divided among 2 or 4 

holes in the succeeding stage and so on, even under ideal conditions. Conversely, for 

most arrangements, registering the holes in successive meshes gives very poor efficien- 

cy since secondaries tend to be focussed down the center of the resultant channel and 

do not strike the bars of subsequent dynodes, hence result in no further electron 

gain. Resolution limitations are also imposed by the lateral excursion from hole to 

hole of secondary electrons due to their emission velocities. 

Late in the course of our research on mesh multipliers we became acquainted with 

the work in this field of Burns and his associates at the Midway Laboratories of the 

University of Chicago. His work and that of McGee in England on channeled electron 

multipliers was described at the Conference on Light Amplification held at the U.S. 

Army Engineer Research and Development Laboratories on October 6-7. 1958* Both 

workers are attempting to use specially shaped mesh bars, registered holes, and ex- 

tremely close spacing to form a continuous channel which will prevent lateral trans- 

fer of electrons from one channel to another* Unfortunately, the spacing is so close 

as to require use of a physical dielectric between mesh bars for insulation.  Burns 

relies on the formation of a strong electron lens between dynodes in each channel 

which causes all electrons from the active area on one dynode to strike the active 

axe« on the next, though we did not choose to attempt to follow this approach, partly 

because of the formidable technological problems, some of which still exist, and part- 

ly because we preferred to avoid duplication of Research a;;roaches as a matter of 
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policy. 

Our experimental work to produce useable mesh with specially shaped cross 

sections followed these approaches: 

1) Starting with an existing high transmission fine electroformed copper mesh, 

we plated additional material onto the mesh bars while forcing the plating solution 

through the mesh holes. The moving electrolyte caused selective plating which re- 

sulted in triangular cross section mesh bars. A cross section of some sample mesh is 

shown in Figure 45*  A tube using a single stage mesh dynode of this type with an 

MgO secondary emitting surface showed somewhat better results than tubes using stand- 

ard mesh. 

2} We coated an existing electroformed mesh with a photo resist, then exposed 

it to ultraviolet light from one side with a point light source placed at a distance. 

We then washed away the unexposed resist behind each mesh bar and plated additional 

copper onto each bar. By  exposing at an angle, this method could be used to make 

fine mesh structure with inclined bars like a Venetian blind dynode. 

3) Electroformed mesh Is normally made through use of a glass 'master", a flat 

glass plate into which a pattern of shallow groovers have been etched.  We metallize 

the surface of the mesh with palladium by sputtering, then wipe the palladium from 

the flats on the master surface, leaving a conductive network in the bottom of the 

grooves. The master ia then placed In a carefully controlled copper plating bath 

and the grooves plated full of copper. Very little control of me3h bar shape is ob- 

tainable, since the etched grooves are inherently shallow and nearly cylindrical. 

To obtain electroformed triangular shaped mesh bars with & small included vertex 

angle, we needed a master with triangular grooves.  iAiring this research program we 

worked briefly with scientists of the Corning Glass Works in an attempt to make such 

a master from Corning Fctoform glass. The solubility of this glass to an acid etchant 

can be altered by a factor of 7 to 1 by exposure to ultraviolet light and subsequent 
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development.  Ely appropriate exposure, development, and etching from one side. Corn- 

ing Glass produced a Fotoform plating master with generally wedge shaped grooves. 

However, the contours were very irregular, which made it unuseable. The experiment 

was not carried beyond this point because of concentration on other problems. 

Il)    In earlier camera tube work we had obtained thin fine glass mesh of Corning 

Fotoform for use as experimental image orthicon collection mesh. The glass was metal- 

lized by evaporation to make its furface conductive. We also worked with Corning to 

obtain mesh with triangular shaped mesh bars by this means, but did not build tubes 

because of concentration on other problems, 

d.  Use of Etched Silver Magnesium Foil Dynodes 

As described previously, all attempts to form a secondary emitting surface on 

electroformed copper mesh had yielded maximum electron gains for a single dynode 

stage tube of at most k,  end multistage structures showed no better gain than single 

stage structures. At the time, we blamed this disappointing result on the difficul- 

ty of forming a good secondary emitting surface, especially on the second and third 

mesh of our three stage dynode structures. Realizing that we had long achieved good 

control of the process for making dynodes of a silver magnesium alloy in our stand- 

ard image orthicon tubes and these dynodes were very stable, we turned our attention 

to meking fine mesh dynodes from this material. As a first step we obtained .001" 

thick silver magnesium alloy foil, and arranged with EUckbee-Mears to have it se- 

lectively etched to form a mesh having 100 holes per linear inch in a square array 

with $0%  open area. 

1) These screens were pre-oxidized by the previously described technique em- 

ployed by Westinghouse for the pinwheel multiplier of the image orthicon and assem- 

bled in the image section prior to the image bulb seal.  Performance data of several 

such structures is shown in Figure 4&. As can be seen, a current gain of k  to 6 

could be obtained reproducibly when 600 volts was applied between the photocathode 
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and the dynode of a single stage multiplier structure. One tube showed a multiplier 

current gain of more than 8« From the formula given earlier, even if one assumes 

100$ use of the secondary electrons (8 ■ ■)• this data indicates secondary emission 

ratios in the range of 7 to 15» 

2) Now that satisfactory gain had been obtained from a single dynode structure, 

we were free to turn our attention to multistage structures and imaging problems. 

Early two stage versions of this structure, however, gave a gain almost exactly the 

same as that for a single stage multiplier. Measurements showed that essentially 

all of this gain occurred in the first stage. 

3) The baffling lack of gain in the second stage was investigated and, in this 

case at least, found not to be a case of a poor secondary emitting surface. The 

difference in performance between the first and the second dynode mesh was found to 

be «ntlrtly related to tne higher electric field strength found on the secondary 

electron emitting side of the second mesh, which was apparently repelling most of 

the secondaries back Into the dyuode surface without permitting them to migrate over 

to a mesh hole. Conversely, the electric field on the photocathode side of the first 

mesh was comparitively low, while the field on the opposite side was high, causing 

excellent extraction of the secondaries.  The problem was solved by including an 

extra mesh between the two dynodes to reduce the electric field in front of the 

second dynode and allow the secondaries to leave the 3urfece and proceed through the 

open areas of the screen to the succeeding dynode. In the structure as finally de- 

signed, as shown in Figure 47, the intermediate mesh consists of a fine knit 100 

wire per inch screen with an optical transmission of more than 80%, The spacings 

between all mesh in this structure were about .0^0'.  The intermediate field control 

mesh operated at various voltages and the resulting gains are shown plotted in Figure 

^8.  This de.ta demonstrates the need for a low field strength ahead of each dynode. 

For the spacings and mesh which we used, each field control mesh could be electrically 
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connected to tue following dynode with satisfactory results. As shown in figure kn 

this arrangement gave current gains for two stages as high as 23 with only 400 volts 

per stage«  A curve of gain vs. collector voltage for a two stage tube is shown in 

Figure 49» 

In spite of these demonstrated current gains, no improvement in threshold light 

performance was found.  Image quality in terms of resolution and contrast was poor. 

This was only partially attributable to the lower than normal photocathode sensitivi- 

ties obtained in these early experimental tubes. 

To isolate the reason for poor imaging, a white to black transition in the image 

of a half black - half white test pattern was used.  Careful study of the image re- 

produced by the two stage tubes showed that a sharp white to black transition, which 

was reproduced faithfully when the tube was not operated in the amplifying, condition, 

was diffused in the amplifying condition over a distance corresponding to several 

mesh holes.  The video wave form on the oscilloscope when observing the signal along 

one scanning line showed a corresponding gradual transition from white to black, with 

the tube operating in the amplifying condition. The cause for poor resolution in 

the amplified image was attributed primarily to the lateral motion of secondary 

electrons, particularly at the surface of the first multiplier. The image section 

structure is such that the secondary electrons are emitted from the surface of the 

first multiplier screen into the rather weak electric field between the photocathode 

and dynode t>nd trajectory calculations were made to show that secondary electron» 

emitted at the first multiplier with an energy of 1.3 electron volts may pass 

tnrough openings in the screen .13" from their point of origin, thereby forming a 

circle of confusion 



.030* in diameter. This alone would establish a limiting resolution of about JO TV 

lines, which agreed reasonably well with the observed diffusions in the Image of the 

white to black transition, secondary contributing causes of poor resolution were 

also considered. These included the effect of reflected light from the shiny 

multiplier surface which resulted in spurious emission at the photocathode and the 

generation of spurious secondary electrons by back-scattered electron bombardment 

at the dynode surface. 

In order that a complete and meaningful appraiaai could De made, the majority 

of thu experimental tubes constructed were confined to a 3ingle stage of amplifica- 

tion, -»ny undesirable conditions that were isolated in these single stage models 

would also be applicable to a multistage structure. Since our calculations showed 

that lateral excursions of secondary electrons ahead of the first multiplier screen 

was one of the important causes of resolution degradation, it was clearly necessary 

to provide a means of independent control of the electric field gradient preceding 

the first secondary emitting surface.  §y proper adjustment of this electric field 

it should be possible to limit the lateral travel of the seconaary electrons ideally 

from tne mesh bar of origin to the adjacent screen opening. This control was ac- 

complished by inserting a high transmission 100 wire per inch tungsten mesh .0^0* in 

front of the multiplier screen and electrically insulated from it. The effect of 

this field control me3h on the secondury emission yield of the first multiplier 

screen was tnen considered. Figure 50 3hows the single stage current again as a 

function of the voltage applied to the field control mesh. It was hoped that a 

significant improvement in image resolution and contrast would result witnout com- 

plete loss of electron gain, but unfortunately this was not found in the experiment- 

al tubes utilizing thia feature. Apparently other factors were playing an equally 

important role in establishing the resolution limitations of the tube, oerioua limi- 

tations in image quality undoubtedly resulted from the use of the relatively coarse 



100 hole per lach multiplier mesh structure. In addition, lateral movement of »ec- 

ondary electrons in the inter-stage multiplier regions as well as in the final screen 

to target spacing certainly tended to degrade resolution. 

A mathematical analysis was made of the problem of lateral drift of secondary 

electrons and the predicted resolution capabilities of multipliers of the type we 

were then using. The calculations are shown in Appendix IV. Our conclusion was 

that although we had succeeded in making a transmission mesh multiplier structure 

with high stable current gain, application of the structure to amplifying an image 

with even modest resolution would require a series of substantial changes in design, 

each of which would require development, and which might not be completed within the 

final year of the contract.  In particular, the silver magnesium alloy dynode would 

have to be somehow fabricated in the form of triangular shaped mesh bars und regist- 

ered so as to provide independent channeled paths for the secondary electrons in 

order to prevent lateral electron excursions. A further requirement would be very 

close dynode spacing and therefore high dielectric strength insulation between stages. 

.Perhaps most important, the major problem of fabricating such an amplifier with 

a structure finer than 3° to 100 lines per inch strongly indicated that this device 

should be applied first to a tube in which the image size was larger than the 0.9" 

x 1.2".  After careful consideration, and in light of the newly acquired knowledge 

that work on the channeled structure was being conducted in other laboratories, we 

decided in June of 19i8 to reconniend a major shift of emphasis to concentrate on ap- 

plication of the Westinghouse TSB-: as a preamplifier in an image orthicon. The work 

on this approach has already been described in section IV. 
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SECTION \n 
« 

ELECTRON VELOCITY SELECTION 

1.  INTRODUCTION 

One of the chief limitations to obtaining improved sensitivity from an image 

orthicon type camera tube is the shot noise introduced by the scanning beam. As ex- 

plained in section III, the pattern of positive charge corresponding to the picture 

is read from the image orthicon target by a low velocity scanning beam.  All beam 

electrons return to the output electron multiplier when scanning an uncharged 'black* 

area, while an increasing number of electrons land on the target when scanning more 

positively charged 'lighter* areas, and fewer electrons return to the multiplier. 

This reduction in current in the returning beam, depending on picture element bright- 

ness, constitutes the video signal. Since the beam must always be large enough to 

supply signal current for the brightest highlights, and since no more than 1,0%  of 

the electrons land on even the most positively charged element, tha beam current ia 

usually much larger than the signal current, fluctuations in the beam current caused 

by the random nature of the thermionic emission process appear as noise in the out- 

put signal. As discussed in section III, this beam noise limits the maximum peak to 

peak signal to RMS noise ratio for the $820  type image orthicon to about 33 «It and is 

far more significant for low light level scenes. 

To improve tube performance, particularly at low light levels, a method is needed 

to cause a larger percentage of beam electrons to land on the target during the scan- 

ning process. A major part of the problem is caused by the rather wide spread in 

axial velocity canponents of the beam electrons approaching the target. Variations 

in energy of the scanning beum electrons in the image orthicon can be attributed to 

the following general causes. 

(1) Energy distribution predicted by Maxwell-Boltzmann statistics which sets 

a theoretical lower limit to the total spread in energy of thermally emitted electrons. 
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(2) Time or  position ▼aried cathode coating potential drops. 

(3) Radially directed components of initial accelerating field. 

(/;)    Inter-electron coulomb forces. 

{j)    Stray electrostatic or electromagnetic  fields. 

(6) Electron gun misalignment. 

(7) Electron gun aberrations. 

Investigators such as Hans Heil (Reference 25) and R. W. Floyd (Appendix I) 

have analyzed the performance of the image orthicon by assuming that the electron 

beam axial Telocity distribution can be expressed by: 
-eV 

iT    =      const X iy*exp         

where:     i      =    current landing from the electron beam onto a target element at a 

roltage V. 

i.     =    total current  in the primary scanning beam 

7      ■    instantaneous voltage of the surface of the target element 

being scaniud  by the electron beam with respect to that voltage at 

which all electrons are permitted to land. 

k    -       Eoltzmann constant 

e    =      electron charge 

T   »      effective absolute temperature of the dsotron beam,  usually greater 

than the cathode  temperature because of the   broadening of the velocity 

distribution in the election gun and focusing system. 

Primarily suspected in the search for sources of  broadening of the electron 

beam velocity spread are the aberrations intrinsic  in the geometry of conventional 

triode electron guns*    A triode  emission system obtains favorable current density by 

converging electrons from a larger cathode area to a small  focal point called the 

•crossover*.    This convergence  is carried out  by portions of the  electrostatic accel- 

erating field with components directed radially inward toward trie axis of the tube. 
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After the electrons pass through the  "crossover1,  they emerge AS a divergent bundle 

of electron rays.    Ignoring,  for the moment,   initial emission velocities and  inter- 

electron coulomb forces,   all electrons in this bundle vill hare equal total energies 

having obtained their kinetic energy from acceleration through identical potential 

drops.    The Telocity component of each of these electrons normal to the  target and 

parallel to the tube  axis, however,  will  be the product of its total velocity and  the 

cosine of its angle of divergence  from the beam axis.    The stopping potential,  V^,  at 

tne target can be expressed ast 

V3    =    V2 "   (V2 " Vl)     ==s 2ft 

where V2 " Vl    '    accelerating potential drop 

V2 ■    anode potential 

•e =    divergence angle 

At potentials more positive tnan the stopping potential,  electrons with a given axial 

velocity will land and conversely at more negative potentials,   such electrons will  be 

reflected.    Since the angle of divergence is not constant for all electrons in the 

beam,   it  is clear that there will   be  a variation in stopping potentials at the  target, 

i.e.  not  all  electrons will land for a given voltage established at the   target  element. 

For very small target   signal voltages,  only the scanning beam electrons of highest 

axial velocity land on the target.    The .'lower energy electrons,  which are reflected 

at the target  surface,  contribute to noise without  adding to the  signal.    It is evi- 

dent,   therefore,  that an approach to reducing velocity variations in the  electron 

scanning beam is to reduce the  beam convergence  angle in the  electron gun.     This 

problem is complicated by the effect of the axial magnetic focusing field which is 

not constant strength or direction in the region near the  cathode.     Because of this 

fi»ld,   any force tending to make an electron move radially will  result in imparting 

a spiral motion to the electron. 

58 



INSIDE 
AREA 

ALUMINIZED 

SILVER   BEAD 

BARIUM    GETTER 

(FULL    SCALE) 

Figure    51.    Design of Retarding Field Tube. 

L59 



Another approach to the problem of narrowing the axial velocity spread in the 

electron scanning beam is the use of a velocity selector subsequent to the electron 

gun. The designs considered were similar to those used for determining the energies 

of particles emitted in nuclear reactions. Most promising was the crossed field 

selector in which the beam of electrons was subjected to a magnetic field tending to 

bend the beam up, and an electrostatic field acting to bend it down. Since the 

action of the magnetic field depended on the particle speed, fast moving electrons 

would be bent up, while slower moving electrons would be bent down. Electrons moving 

at the desired speed would be undeviated, and by placing a disk with a small central 

aperture at the exit end of the system, electrons of one small velocity range would 

be selected. Other schemes considered required that the electron beam be deflected 

in a magnetic field and since the radium of curvature of the electrons would depend 

on the speed of the electron, an appropriately located apertured disc or slit would 

pass only those in the desired velocity range. 

2.   MBHODS OF MEASURING ELIC-THON VELOCITY DISTRIBUTION 

a.  Planar Electrode Retarding Field 

Concomitant with the problem of developing an electron velocity selector, to 

narrow the axial velocity spread of the electron beam approaching the target, is the 

determination of a valid and reproducible method for measuring the electron velocity 

distribution of the beam. The classical method of determining velocity spread of an 

electron beam consists of measuring current as a function of retarding potentials 

applied to a planar collecting electrode. This measurement yields a current versus 

retarding voltage plot which when differentiated results in a velocity distribution 

curve. Figure 31 is a cross-sectional view of a typical retarding field tub«. The 

tube was designed to simulate the image orthicon scanning section, employing the norm- 

al electron gun structure.  The target was replaced by a metal plate to act as an 

electron collector and retarding field electrode, öilver beads were provided to 

• 



permit the vacuum evaporation of a clean silvered surface on trie collector electrode 

in order to maintain low secondary electron emission. An axial magnetic focusing 

field was adjusted for maximum collector efficiency. Cathode current was held con- 

stant at 3.1 microamperes by readjusting the modulator grid potential for each value 

of accelerator potential (G_ voltage),  iy maintaining constant cathode emission, the 

value of the 100% current collection point of each curve (representing total elec- 

tron team transmission through an aperture of fixed area) could be made to ser/e as 

a measure of the relative current density for each set of operating conditons. 

Figure 52 clearly shows that the applied collector potential required to collect 

100% of the beam electrons decreases with decreasing anode voltage (E nait  inQicating 

that the reduction in current density was at the expense of the slower electrons. 

It will be noted that the measured collector potentials are all in the positive 

range. These cannot be interpreted as absolute values, however, as they are sub- 

stantially elevated by a cathode coating potential drop and by a contact potential 

difference between the target and the cathode of the tube. These effects result in 

a displacement of collector current curves along the retarding potential axis. For 

this reason, data should be interpreted from the standpoint of relative curve slopes 

rather than absolute positioning of curves. Examination of the curve in Figure 32 

corresponding to a Gg voltage of 300 volts, typical in normal image orthicon opera- 

tion, shows an energy spread of 0.6 volts for a be-TO current spread from 10% to 100* 

of the total collected current.  It should be pointed out that the shift in collector 

potential caused by the variation in applied anode voltage, can also be interpreted 

as resulting from changes in the cathode surface to base metal potential difference. 

Reduction in the cathode potential drop with decreasing anode voltage could cause 

similar shaped but reduced amplitude curves to telescope and seemingly retrace 

identical high velocity tails, 

To demonstrate the electrostatic field pattern of the triode section of the 
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Figure 52.    Constant Cathode Current Collector Curves. 
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electron gun, in the immediate vicinity of the cathode, equipotential plots of the 

structure were made in an electrolytic plotting tank. The results of thuse plots 

are shown in Figures 53* 5kt  and 55 t9T  three conditons of electron voltoge» chosen 

to duplicate those which produced a constant cathode current in the experimental re- 

tarding field tube described above. The reduction in anode voltage (E^) from 300 

to 200 to 100 volts in Figures 53» 54» and 55  respectively was expected to reduce the 

strong converging action of the triode fields. As pointed out previously, the inter- 

action of this convergent field with the magnetic focusing field is considered partly 

responsible for the axial velocity spread observed in the electron scanning beam. 

Examination of the equipotential patterns shows that although the plotting method 

obviously did nut iakc ail tiio accessary factors into consideration, valid qualitative 

conclusions could still be drtwn. For example, the plot shown in Figure 53  indicates 

that the current should have been cut off, that is, no electrons should be leaving 

the cathode. The plot shown in Figure 5k  indicates a small emitting area in the 

center of the cathode, whereas Figure 55  appears to indicate that electrons should 

be leaving the entire area of the cathode under the control grid G, aperture.  As 

stated previously, the electrode voltage conditions were known experimentally to give 

a constant cathode current of 3*1 microamperes in an actual tube. The factors which 

were not taten into account in these equipotential plots include the finite initial 

emission velocity of the electrons, the effect of the space charge directly in front 

of the cathode, the eii'ect of contact potential differences, and the effect of a po- 

tential drop across the cathode coating and in the coating to base metal interface. 

Because these factors were neglected, a quantitative interpretation or the equipoten- 

tial plots should not be attempted. In general, however, the expected increase in 

cathode emitting area and constant reduction in emission current density for lower 

G2 voltages appear to be shown along with a reduction in radial field intensities. 

These are the effects which, according to geometric aberration theory, should yield 
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Figure 56.     Electron Velocity Distribution in Simulated Diodt 

165 



er 
O 
h 
o 
Ul 
_J 

o 
u N 

V       , ■a 1 1          f 
* 

1 0 i—i 

ZZ3 l_ -. r 

X g 
ii 

ii 1 
■M 
u 
u 

1 u 

i- 

\ 
t) 
M 

1,1 '■ ! I 
er - 

w 
ü 
UJ 
_l 
u. 
UJ 

Ul Et 
03 

Q 
O UJ 
h- 

2 _l 
< < 
UJ 
no < 

166 



a decrease in axial velocity spread. 

In order to further evaluate the approach of decreasing electron velocity vari- 

ations by reducing beam convergence, the control grid, (G^) in an image orthicon 

triode was adjusted to a positive potential so that the current density over the 

total area of the cathode was uniform. This uniform cathode emission density was 

established by adjusting G^ positive until the current arriving at the anode (G2) 

aperture was to cathode current as G-^ aperture area was to cathode emitting area. 

Under this condition of uniform cathode loading, it was hoped that accelerating equi- 

potentials near the cathode would be approximately parallel to the cathode surface. 

Except for the finite control grid thickness, this adjustment would thereby produce 

an emission system of parallel planar equipotentials in which no lateral components 

of acceleration would exitit. In practice, it became necessary to reduce the anode 

potential substantially in order to generate beam currents of the proper order of 

magnitude for image orthicon use. Figure 3& shows normalized curves of retarding 

field data for such a simulated diode at two values of cathode heater voltage, 

b.  Faraday Cage Analyzer 

Based on extensive independent investigations at our Research Laboratories, it 

had been determined that the planar retarding electrode technique was not definitive 

below a range of approximately 0.3 volts.  This was attributed to the influence of 

surface conditions at the collecting electrode on the action of electrons at the sur- 

face, e.g. the effects of surface chargir<g and secondary emission,  ön this basis, a 

system was evolved which demonstrated ability to measure a velocity spread down to 

0.2 volts.  Essentially, this system of measurement consists of a modified Faraday 

cage technique which establishes a retarding equipotential surface in free space as 

the basic analyzer element.  As shown in Figure 37» the beam to be analyzed is colli- 

mated by an axial magnetic field so as to enter the Faraday cage, to which the re- 

tarding potentials are applied.  The exit beam is collected by a planar electrode 
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which is maintained at a slightly positive potential.    The advantage of such a system 

appears to be  that the intimate surface conditions of the collector do not dictate 

collector efficiency. 

Applying this technique to the measurement of velocity spread  ia the electron 

scanning beam of the conventional  image orthicon gave a range of 0.6 volts at  a beam 
a 

current of 5 x 10"    amperes.    This measurement reproduced results obtaine- with the 

planar retarding electrode technique,  thus adding to its validity. 

3.       E/FECT OF MISALIGNMENTS ON VELOCITY  DISTRIBUTION 

a.    Theory 

In the operation of the Image orthicon tube,  an axial magnetic field is applied 

to focus scan beam electrons on the target.    Both the intensity and direction of this 

field are  important.    The  intensity is adjusted so that divergent electrons are focused 

through an integral number of loops onto the target.     If the direction of  this  "axial■ 

field is not perpendicular to the target surface and parallel to the direction of 

propogation of the electron bean, we may observe a situation in which the entire 

beam,   along with divergent electrons,  is being spiraled about the magnetic lines of 

flux. 

In the  ideal case,  the  "axial» magnetic  focusing field is,   in fac;,  axial,  the 

electron gun is emitting a beam parallel to the axis,  and the target is normal to 

the axis since the force exerted on the electrons by  the axial field can be only in 

a plane perpendicular to the axis, the magnetic  field can not alter axial velocities 

of the electrons. 

In practical 1.0.  tubes,  an alignment coil which is located near the electron 

gun generates mutually perpendicular transverse  (to tube axis) magnetic fields. 

These   fields  are  adjusted  in such  a way as to align the electron beam with the  focus- 

ing field,  eliminating spiraling of the  beam,  as a whole,  about  the flux lines of 

the  focusing field.    It cannot,  however,  correct for non-perpendicularity of  beam 
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AXIAL    DISCONTINUITY     DUE   TO   RESIDUAL 
MAGNETISM    IN   SOLENOID   SHIELD. 
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landing on the target, *t insures, in fact, that beam landing at the target be tu» 

canted as ia the intersection of magnetic flux lines with the target. 

The consequence of non-orthogonal landing of the beam at the target is a shift 

of the entire spread toward lower velocities, and a skewing of the distribution to- 

ward lower velocities. In addition, increasing the angle of incidence of primary 

electrons may tend to increase secondary electron yield of the target, 

b. Experimental Data 

To demonstrate spiraling of the electron beam about magnetic flux lines, a re- 

tarding field tube of the type shown in figure jl  was tilted within a focusing solen- 

oid.  Minimum collector voltage at which 100? electron collection took place was 

plotted as a function of solenoid current. This data is presented in figure 58» 

Figure 39 presents the same information except that, in figure 59« «n attempt was 

made to   mechanically align the tube axis with the solenoid axis. 

Results presented in figure 33 are plotted far two value« of anode voltage to 

indicate the dependence of the spiraling upon electron Telocity. With the acceler- 

ating potential reduced by a factor of 4« tne electron speed is cut in half, and the 

period of the collector efficiency function is haired as well« Collector roltage 

minima represent points of most nearly normal beam landings at the target. 

figure 39 illustrates that, even with careful alignment of the tube within the 

focusing solenoid, some beam spiraling persists. Aa  compared with figure 38, it 

represents a factor of 3 reduction in the amplitude of spiraling,, Moreover, the 

minima for figure 59 are of approximately the same amplitude as for figure 36, in- 

dicating the same order of normality of landings. The difference in amplitude be- 

tween the EQ2  " 300 V curre in figure 58 and the corresponding 100% curre in figure 

59 represents the difference in their axial Telocity. 

In figure 59, the curre for 10% beam collection potential is also plotted to 

demonstrate that the entire Telocity range shifts as a function of focus field strength. 
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Figure 60 is the result of subtracting the data presented in Figure 59»  and 

shows the  'volt-velocity1 range of the  slowest  <)Q% of beam electrons.     It is im- 

portant  to not« that the narrowest range of electron velocities coincides with the 

lowest collector potential,  or the most nearly normal  beam landing.    This indicates 

that nonorthogonal landings increase velocity spread while reducing absolute Te- 

locity normal  to the target. 

In interpreting the dependence of velocity spread on axial field strength,  it 

was  suspected that  the  periodic minima in spread might  be caused by selective  filter- 

ing of certai -  portions of the normal velocity distribution by defocusing of the 

beam at the dynode #1 aperture.    This interpretation would predict that velocity 

spread minima should coincide with beam current transmission minima. 

Figure 61 demonstrates that,  contsary to thi3 prediction,  beam current trans- 

mission maxima occur at beam velocity spread minima.    Sine» this  fact rules out ve- 

locity  selection at tha dynode $1 aperture,  dependence of velocity  spread on angle 

of  incidence  of the  betau upon the  target  is clearly demonstrated. 

By way of sumnarizing the effect of magnetic fields on velocity spread we can 

state  trie  following conclusions: 

1) Theory predicts that,   for an ideal system, magnetic fields would have no 

effect on velocity spread. 

2) In real  cases, where misalignments in the electron optical system exist, 

magnetic fields can be used to reduce velocity spread,   by nullifying mis- 

alignments. 

3) In practical  image orthicon tubes,   this correction is not  completely 

realized,   as  tnere  is not a separate magnetic corrector to normalize land» 

ings at  the target. 

4) Magnetic   focusing or deflection systems  as generally  applied, «io not con- 

tribute to a reduction of intrinsic velocity spread in electron beams. 



Positivs Electrode 

Bit ranee 
aperture     X 

y Exit 
f «perture 

Figure    62.    Crossed-Fields Velocity Selector. 

n'l 



4.  ELiCTKON VELOCITY oELECTOh SYSTEMS 

a. Croased-Fields Selector 

1.) Analysis of Crossed-Field? Selector 

As shown in Figure 62, the crossed-fields Telocity selector employs uniform 

electric and magnetic fields at right angles to each other and to the path of the 

electron beam. The effects of the two fields cancel each other for electrons of the 

desired axial velocity. The advantages of such a velocity selection device in an 

ina ge orthicon structure can be sumnarized as follows: 

1) Can transmit electron scanning beam without selection for complete dis- 

charge of high light level scenes. 

2) Can be varied both in the selected transmission velocity and in the range 

of velocities transmitted. 

3) Lends itself readily to the structure of the scanning section. 

The operation and predicted performance limitations of the crossed-fields de- 

vice shown in the sketch is described in the following mathematical analysis. When 

an electron is injected with an initial velocity into mutually perpendicular electro- 

static and magnetic fields, its fundamental equations of motion can be shown to be 

(Reference 26): 

X = a^    +  (1 - cos^0t) Yoz   - (Bi-uJ   Vox  ) Sinu> t     (1) 

( a -i*> vox)  (1- cos^ t) + Y°Z       SinLO   t (2) 

where: 

w? 
a      =     - .S_££ 

■ 
^0     = * Bz 

^0 
o 

■ 
Ey = electric field intensity 

Bj = magnetic field intensity 
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•ox = axial component of initial electron Telocity 

Let: 

Voy = radial component of initial electron Telocity 

t = time 

e = electron charge 

m ■ electron mass 

a 

Equations (1)  and  (2)  then becomes: 

V t +  (1-eoati) t) Yo*. 
vox (5*J Sin U> Qt 

' vm-v, 

u7^ 
)  (l-cosu;ot)  ♦ Voy   Sin U  t 

/' (Jo~ 

(3) 

(4) 

Case I. Consider the case when Vox = V_ and V  =0. 

iujuations (3) and (4) reduce to« 

X ■ VTt 

Y = 0 

Vrp is seen to be the Telocity of an electron which passes undeflected through 

the selector.  If we now let x = L, we then have the transit time, T, of an electron 

with Initial velocity VT travelling through a selector of length L or» 

VT (5) 

Case II     - Consider the ca.se when Vox / VT and V0y = 0.    »pplying these condi- 

tions  to equations  (3)   and  (i|) 1 

i   * VTt  - /VT-VQX]    Sinu>Qt (6) 

VT"vox 

W 

(1  - cosW0t) 
(7) 

. 



It  is evident that  the maximum Y deflection will occur for some time t.   such that» 

<Vo    ■* 
At the time the Y deflection is maximum, we want A - L, aJ  that the electron is 

located at the end of the selector. For this condition, equation (6) reduces tot 

L ■ »T*o 

Setting        t    = T we obtain: 

L »    VT .  T 
^o =      7T 

T 

Substituting into equations  (6)  and (7)« 

X   -    li - T    (VT-VQX)    Sin TTj. 
T -^r— T 

Y    =    T    (V^V^)     (1 - cos    jTt ) 

—7f— "^r 

(8) 

(9) 

These can be expressed as: 

X      =    Lt 
T 

tr 

L 
if 

v, 

1-Yai) Sin    TTt 
VT J T 

Y    =       L     (1  - lox (1  -  cos   TTt) 

(10) 

(11) 

Observing that the ratio of electron velocities is directly proportional to 

the  square  root  of the electron volt energies of  the electrons. 

Xox   = 

VT fifox 
IT? 

iquatioa   (10)   and  (11)   then become: 

/fe$   ^      Sin Tt_t 'l -       t&L   }      S1 

T      f   {        \I<FT    J T 

Y    =    L 
IT 

/<*ox )     (1 - cos    7T_t ) 
'TT I T 

(12) 

(13) 
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Replacing the ratio t  by R we obtain« 
T i  

i.   =    L   [■ . 1 (1 -./ifiä ) siQ ^R] CU) 

f1- ySä^ Wox}     ( 1 - cos IT B ) (13) 
1f 

To determine how these equations predict the performance of the large scale crossed 

fields selector,   let: 

^ox    =    30    ♦    o.l volts 

0T      =    3u volts 

L        ■      3  inches 

Then: 

X   -      3      0 - i_    fl -        /SO * 0.1^     SinTTR] (16) 
IT    I \|    50        / 

Y    =   £ fl  -  fso 1 0.1 1   (  1  -  cos'IT R) (17) 

By selecting values of R from 0 to 1, we compute the corresponding values of 

X and Y  from equations   (16)  and 17)   to obtain an electron trajectory  in the  crossed 

field selector as plotted in Figure  63, 

Assuming the selector has 0.002 inch entrance and exit aperture diameters,   the 

absolute range of selectivity is determined  by setting Y =  ♦ 0.002  inches  at t ■ T 

(R ■  1).    Thus from equation  (13): 

,.oo2 = ^    fi.JE)       (2) 

Solving: 

Alox 
V    0T 

"ox -  1    ♦    0.000628 (18) 

For    0_    ■ 30 volts 

0OX    (max)    ■    30.063 volts 

^ox    (min)    =    U9.937 volts 



Therefore, the absolute range of electron volt energies passing through the selector 

under the assumed conditions ist 

I  0QX   »   jOi O.O63 volts 

Recapitulating the original  assumed conditonsi 

vox f   V
T 

V0y =     0 

L  = 5 In. = length of selector 

Lntrance and exit aperture diameters - 0.002 in. 

To determine the range of electron volt energies passed by the selector when 

0ip = 300 volts, typical of image orthicon operation, we compute from equation (18)« 

\&ox   = 300 ±    0.38 volts 

It should be pointed out that fij and Ey must be adjusted to permit JÜ0  volt 

electrons to pass through the selector undeflected, but the calculations with the ex- 

ception of equation (16) and (17) remain the same. 

Case III - Consider the case when V07 ^ C and Vox = Vip. Applying these conditions 

to equations (3) and (k)   « 

x ■  vTt  ♦   (1 - cow0t) Jan (19) 

Y    =    V oy      rfintü0t 
577- (20) 

Using the previous relations, VT    =_L      and cUQ    *    £ we obtain: 
T T 

X   =    Li      +       (1 - cos   -TTt )    Vpy    L ,-n 

T T       Tf V *    ; 

1 " ^  31" a CM 



Replacing the ratio t by h  we obtains 
T 

X« L [B ♦ (1 -  C037TR     )     V      ] 
vTir 

(23) 

Y =   L nr oy       Sin v p 

re* 
(2U) 

Now: oy    _ 9 

Equation (23) and (2^) then becames 

r (1 - cos B7T ) 
IT a 

Y= L 
7T 

^S   *U ** 
^T~ 

(23) 

(26) 

To determine a maximum value for V Qyt we assume that all electrons originate 

at a crossover point located outside the selector 0.2^0 inches from the 0.002 inch 

diameter entrance aperture of the selector. 

oc 

oy 

POint source 
of electrons * 'ox 

Entrance ^perture of 
■" selector 

0.002" 

1.250« -*j 

L 

As defined by  the entrance angle   therefore: 

tan    CX    = .001 
0.230 

*oy 

VQ7 

v 
'ox 

0.004 
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Substituting this value  in equations (23)  and  (26)  and letting L » 5" as in 

our experimental selector: 

X    =    5    fR ♦    O.OOli       (1 - «os R IT )1 (27) u rr J 

T   ■   5      (0.004)    ^in R71" (28) 
f 

By selecting values of R from 0.8 to 1.0, we compute the corresponding values 

of A  and Y from equation (27) and (28) to obtain the electron trajectory plotted in 

figure 6/j.. 

Case IV.  Consider the case when V 0x ¥  VT and Voy j  0. Restating the funda- 

mental equations of motion: 

X« VTt + (1 - cosO>ot) Y oy -  (V _ y ox) cjln u^t 

^o   -ur0  

Y = (VT  - V ox}  (i . cosU;ot)  ♦ 7__21      Sin U)Qt 
0Jo   / uJo 

Applying the relations: 

L 
T 

2L 
T 

Vox 

v oy _ /«oy 

V *T 

1 
T 

We obtain: 

Y  = T    Ö* " V^5 }    U " °03 hr )   * JT&      Sin  R7r]    (30) 
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Let: 

L = 3 inches 

0T = 30 volts 

'ox 30 ±  0.1 volte 

jg = o.oou 
'ox 

By selecting values of R from 0,9 to 1.0/j, we compute the corresponding values 

of X and Y from equations (29) and (30) to obtain the electron trajectory plotted 

in Figure 63. 

Comparing Figures 03 and 63» we conclude that the radial components of initial 

electron velocity have a negligible effect on the range of electron energies passing 

through the selector. 

There remains the problem of determining the maximum current transmitted by 

the crossed fields selector. Qualitatively one would expect this current to depend 

on the following factors: 

1) Current density of the electron beam at the entrance aperture of the 

selector. 

2) hange of velocities of electron beam entering the selector. 

3) Entrance and exit aperture diameters. 

4) Length of selector. 

3) Range of energies transmitted by the selector. 

With certain simplifying assumptions, we can readily evaluate, in a quantita- 

tive sense, the current limitations imposed by some of these factors. 
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Referring to the sketch and again using the assumption of a joint crossover 

located .250' outside the entrance aperture, we observe that the beam divergence 

half angle, B, is defined ast 

l -1 B   ■    tan "1      0.001      =    tan        0.004 
0.250 

For this small angle, we can make the following approximation: 

tan"      0.004    ■      Sin ~1 0.004 

Referring to Figure 66, we obtain an extrapolated theoretical value for the 

ratio of the maximum beam current density to the cathode current density for this 

computed value of half angle of beam at  a beam voltage of 50 volts.    Thust 

JB 
—  =   0.008 

The maximum beam current density arriving at the entrance aperture is then; 

JB   =    0.008 JK 

Assuming a cathode current density,  J^t of    2.6 amperer per square inch, we 

obtain: 

JB   = 0.008     (2.6) = 0.0208 amps/in.2 

Tlie maximum current entering the  aperture  becomes: 

IB   =  JB 
A 

L ? 
Where A =  area of entrance  aperture = TX 10"°  in. 

IB = 2.08 x 10-2 x     TT     x    10"6    «      6.5 x    lO-8 amperes 

Assuming no selection in the crossed fields device,  i.e. no applied fields, 

the maximum current which can leere the selector is then: 

Jexit  = Xl (^BLA 
1 tan'- B 

10 *exit = *«5 * 10"  amperes 



If we assume that the beam current required to discharge the target of an image 

-ft 
orthicon at highlight level is approximately 10"  amperes, then the maximum computed 

current of 10*"10 amperes, leaving the velocity selector, may be sufficient for opera- 

tion of the tube at low light or signal levels. la fact, it is at low signal levels 

that a monoenergetic scanning beam is most desirable.  It will be recalled, however, 

that the calculation of maximum current leaving the sale eta- was only approximate, 

being based on certain simplifying assumptions. One of these assumptions was the 

absence of applied fields in the velocity selector which acted as a field free 

region, limiting the electron beam only by virtue of its entrance and exit apertures. 

Upon application of a magnetic and electric field, however, the selector will ob- 

viously tend to further decrease the outgoing beam by virtue cf it» energy selection, 

furthermore, as pointed out previously, the ratio of the maximum beam current dens- 

ity to the cathode current density at the assume;d beam voltage of 30 volts was ob- 

tained by extrapolation of the J-angmuir theoretical maximum current densities obtain- 

able in a focused spot of electrons. 

From these electron beam current considerations, it can be seen that the ve- 

locity selector is at best marginal in its ability to transmit both a narrow range 

of selected energies as well as provide sufficient beam current to discharge the 

target even at low signal levels. 

Conclusions Drawn from Analysis 

(1) for a perfectly collimated electron beam with no radial components of 

initial velocity entering the velocity selector, the range of electron 

energies passing through the selector is a direct function of the selected 

velocity (VT = E-    ) and the diameter of the exit aperture and an inverse 

function of the selector length. 
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(2) For a selector length of 3  inches, with entrance and exit aperture dii 

ters of 0.002 inches,  and a selected energy of 30 electron volts,   the 

selector has  an absolute  range of transmitted energies of 3° i O.O63 

electron volts.    After selection,  such a beam would require acceleration 

to match the existing image orthicon structure. 

(3) For a 300 volt electron beam and other conditions as in (2),   the range of 

transmitted energies is 300 f 0.4 electron volts.    This selected range 

compares poorly with the 0.22 volt spread predicted fron the emission ve- 

locity distribution. 

(4) Assuming the crossover point of the electron gun as a point  source of 

electrons,  located 0.230 inches from the 0.002 inch diameter entrance 

aperture of the selector,  then the radial components of initial electron 

velocity have a negligible effect on the selectivity. 

(3)    From electron beam current considerations, the velocity selector is at 

best marginal   in  its ability to  transmit both a narrow range of  selected 

energies  as well  as provide sufficient  beam current to discharge  the  tar- 

get even at  low signal levels. 

5.      LXHSIKLNTAL rfORK rflTH CR0o3ED-Fl£LE6 VKLXITY SELiJCTOH 

The early crossed-fields Telocity selector consisted of a 0.002  inch entrance 

aperture,  two parallel  electrodes  with flat faces  spaced 0.020  inches apart,   an 

electromagnet  core  and windings with the pole-piece faces  spaced 0.070  incn.fc&  apart 

and at right  angles to the  electrode faces,  and  a 0.002 inch exit  aperture.    The en- 

trance aperture was also the  beam-forming aperture of a modified iirage orthicon gun, 

and reasonable collimation of  the  entrance  beam was assumed. 

In the  early experiioental wort,  difficulty was encountered in obtaining a uaeable 

electron  beam from the  velocity selectors.     Fart of  this   problem was attributable to 

poor cathode emission which was  alleviated  somewhat   by  careful  cleaning and heat 
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treating of the selector structure parts prior to mounting. 

Another recognized factor was the need for precise alignment between the elec- 

tron gun and the selector as well as in the selector device itself. It was further 

found that exposure of the transmitted beam to electrostatic fields from charged 

insulators could result in deflection of that beam therefore preventing its 

passing through the exit aperture. This was solved by careful shielding within 

the selector. One of the techniques devised to compensate for mechanical mis- 

alignments in the electron gun and selector system was the use of horizontal and 

vertical electrostatic deflecting electrodes to permit bending of the beam as 

required. Two sets of deflecting electrodes were located between the accelerating 

anode of the gun and the entrance aperture of the selector and one set of deflect- 

ing electrodes was located just behind the entrance aperture of the selector* 

Mechanical difficulties, however, imposed by the very small space available 

caused us to discard this technique in favor of newly developed improved .BCU;;S of 

mechanical alignment. 

The finally developed design of the velocity selector is shown pictorially in 

Figures 67 and 68. 

The velocity selector and electron gun system is shown in figure 69.  A large 

scale crossed-fields selector of this design was constructed and operated in a vacu- 

um bell jar for evaluation.  Some work was also performed in a sealed off tube.  The 

results of the experimental tests closely approximated the current transmission cal- 

culation of 10"  amperes with no applied deflecting field. 

At this time the results of more complete theoretical analyses with improved 

techniques indicated the very low current transmission and the rather gross selectiv- 

ity available from such a selector, and work was stopped in favor of other forms of 

the device. 
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Figure 67.     Crossed-Field Velocity Selector (Assembly View) 
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b. -Spiral Path Selector 

The original design of this type of Telocity selector, suggested by R.K.H. Gebel 

(Reference 27). had a region of uniform magnetic field which the electrons entered 

at an angle to the field so that they traveled in a helical path.  Kie diameter of 

this helix varied with the velocity and an aperture was arranged so that the electron 

passed through it after one half turn of the helix.  A modification of this idea was 

to make use of the variation in the length of turn of the helix with velocity. Fig- 

ure 70 illustrates the principle of this type of velocity selector. 

Accelerating anode 

,Collimating aperture 

.'Selecting 
>> aperture 

Control 
grid 

H 

SPIRAL FATH VELOCITY SELECTOR 

Figure 70 

The electron beam is admitted into the selector through the entrance apertures at an 

angle of 10° to the axis of the selector. A uniform axial magnetic field causes the 

beam to travel in a spiral path and pass through the collimating aperture. The tra- 

jectories of electrons having axial velocity components greater than a certain select- 

ed value would intersect the axis beyond the selecting aperture.  However, due to the 

presence of the aperture, they are not permitted to leave the selector. Correspond- 

ingly, trajectories of electrons having velocity components parallel to the axis 
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smaller than the selected value intersect the axis beyond the selecting aperture. 

These continue on and are stopped by the aperture.  It can be seen that only those 

electrons having the selected axial velocities will pass through the selecting aper- 

ture. 

The limitation of this type of velocity selector is that the electrons travel in 

a helix and the ratio dV, where V is the average energy of the electrons in the beam, 
V 

depends on the relative diameter of the helical path and the selecting aperture. To 

obtain high performance, as defined by low dV, it is necessary to make V small. How- 

ever, since V is numerically equal with the present gun design, to Eg2, the acceler- 

ating voltage of the electron gun anode, this smaller value of V results in reduced 

cathode emission with consequent lower beam current.  It is also possible to make the 

spiral larger, necessitating a larger selector structure, involving a change in many 

gun and multiplier components and possibly the tube envelope when incorporated in an 

image orthicon.  Reducing the selecting aperture of the selector would decrease the 

range of electron energies transmitted by the selector but would also decrease the 

available electron beam current. 

rfork was initiated on this type of selector during the early part of the contract 

period but was discontinued in favor of the crossed-fields velocity selector for these 

reasons, 

c. Electron Mirror Selector 

The electron mirror selector is an emission system devised by our Research Lab- 

oratries for molecular excitation and dissociation energy experiments in which an 

IMnzel lens in&ersed in a solenoidal magnetic field reflects electrons whose axial 

velocity component is Insufficient to overcome the barrier of the "saddle field". 

:'.'. 
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Such a system, combined with a Faraday cage analyzer, is shown in Figures 71 and 72. 

Normally, the selector is operated at the low accelerating voltages, up to 10 volts, 

appropriate to these molecular experiments. Use of higher voltages in the selector 

is undesirable since the focusing action of the 'saddle field* formed in the retard- 

ing electrode might contribute radial components of motion to the electron beam. 

Since we are concerned with higher accelerating voltages in the image orthicon, some 

means of post selector acceleration would have to be employed. This could consist 

of a series of increasingly positive electrodes so that no stray voltage gradients 

would exist in apertures to contribute a lateral force to the off axis electrons. 

In the operation of an image orthicon, it is believed that at low signal levels 

only the high velocity electrons are effective in discharging the target. Since the 

low velocity electrons are a constant addition to the return beam noise, their removal 

from the beam by use of the electron mirror selector, should reduce the noise level 

in the return beam. 

In view of the relative simplicity of this system, as compared to other velocity 

spread reduction techniques, it is felt that potential barrier velocity filtering may 

well demonstrate the feasibility of further work on velocity selectors. Although some 

experimental work was performed on this device in a demountable tube, it was realized 

that this device also performs best at very low beam voltages, and that one then faces 

the problem of accelerating the velocity selected beam without causing a further inter- 

change between axial and transverse velocity components. Therefore, although this 

approach is considered promising, it was shelved to concentrate on a preamplifier 

approach, 

d.  Planar Diode Gun 

As indicated above, another approach to the problem of minimizing the axial 

velocity spread is a basic redesign of the electron gun structure to approach the 

0.22 volt thermal energy distribution by elimination of transverse velocity components. 
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Of possible methods we have considered, a planar emission system using planar 

accelerating equipotential surfaces seems most promising.  If sufficient, current 

density is not available from auch a structure, a magnetically shielded Pierce gun 

or similar structure should be useful to obtain more current in a beam free of 

transverse velocity components. 

6.  CONCLUSION 

The work indicates the velocity selectors we tried or considered are theoreti- 

cally marginal and actually the mechanical difficulties make them all but impossible, 

based on this result, we would not recommend further work in this field.  Although 

insufficient work was completed on the electron-mirror velocity rejecting device 

to evaluate it thoroughly, this approach seems to be the most promising, and further 

work might be profitable. It must be stated here that none of the laboratory 

devic°s tested here reduce the axial velocity spread of an electron beam and none 

of the devices seemed sufficiently promising to warrant an operational test in a 

tube. 

Based on this work, we believe that a more fruitful approach to the objective 

of minimizing the axial velocity spread is a basic redesign of the electron gun 

structure to approach the 0.22 volt thermal distribution through elimination of 

transverse-velocity components. Of possible approaches, we have considered, a 

planar emission system using planar accelerating equipot°ntial surfaces seems most 

promising.  If sufficient current density is not available from such a structure, 

a magnetically shielded Pierce gun or similar structure should be useful to obtain 

more current in a beam free of transverse velocity components. 

To fully utilize the benefits of a reduced axial velocity spread; additional 

work must also be done on reducing beam radial velocities and aberrations that 

occur in the deflection of the scanning beam. In the present 5320 operating at 

light levels n°ar th° knee of the signal vs illumination characteristics, there is 
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a difference in beajn landing energy of 1-1/2  to 3 volts between the center and edge 

of the target.    Fortunately,  however,   the local target voltage operating point 

shifts to compensate for these landing errors at very low light level conditions. 
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SflCTIOH VII 

HALATION 

▲ standard image orthicon adjusted for near threshold imaging on a dimly 

lighted scene may be partly or completely disabled by a single bright light source 

in the field of view, auch as a searchlight.  Our measurements at various scene 

light levels show that a light source up to 10^ times the scene brightness may be 

tolerated, producing only a localized disturbed area around the light source. 

Image brightness up to 10  times scene illumination levels were studied.  Counter 

measure light sources at these levels seem feasible, and completely disable the tuba. 

The effect consists of a dark halo surrounded in turn by a white halo which 

may extend over the whole reproduced scene, blocking out all desired information. 

It is caused, primarily by redistributed electrons from the writing side of the 

target.  The electron image of the light source on the target causes that small 

area to be charge! positively to or slightly above collector mesh potential.  A 

large number of low velocity secondary electrons leave this small area of the 

target, travel througn the collector mesh, are turned back by the field between the 

collector mesh and photocathode, pass through the collector mesh again and strike 

the target in a small area around the original image.  Since these electrons have 

energies below the first secondary emission crossover of the target, they charge 

this area negatively, and since the density of this redistribution current far 

exceeds that of the primary signal current caused by the dimly lighted scene, this 

area appears black on the monitor and apparently contains no picture information. 

Back-ocattwred electrons with energies ranging up to that of the 300 to 400 volt 

primaries also leave the image area, pass through the collector mesh and return to 

the target as a flooding current.  Since their energy is above the firs* secondary 

emission crossover for the target, the target is charged positively and a white 

hazy halo, which may cover the entire scene, appears on the monitor.  Because the 
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current density of this redistributed current is also far larger than that of the 

primary information bearing current from the photocathode, the desired scene 

information is partially or completely lost due to lack of contrast and to noise in 

the redistributed electron signal. 

Because both of these halo effects are essentially unwanted information 

written on the target, they must be remedied by tubfs redesign on the writing or 

photocathode side of the target.  Experiments show that increased scanning current, 

such as would be available if isocon scanning were used, does not significantly 

improve the tube performance. The effect will basically be found whenever the 

brightness of one object in the scene greatly exceeds the average scene brightness. 

The wide extent of the halo appears to be due to the wide energy spread in the 

secondary and back-scattered electrons and their wide angular distribution as they 

leave the target.  Therefore, we concentrated on measures to improve the collection 

of secondary and recoil electrons from the target. Theoretical investigations 

including field plots and trajectory calculations showed that up to 2$%  of the 

secondaries leaving the target passed through the collector mesh, are deflected 

toward the target by the field in the image section, passed through the mesh again 

and strike the target.  Tor the higher energy back-scattered, electrons which 

caused the white halo effect, these electrons cannot be collected simply by making 

the mesh more positive with respect to the instantaneous target potential. We 

therefore have attempted to reduce or eliminate tae white halo by greatly increasing 

the thickness of the collector mesh without decreasing ita transmission.  A mesh 

which is thick compared to the hole diameters will pass only those electrons which 

approach with an angle of incidence close to the normal.  The incident electron« 

from the photocathode will therefore be transmitted, whereas the high energy 

secondaries which leave the target at angles far from normal and cause the whit« 

halo should be eiimiuavsa oy interception.  Note that while this thick mesh will 
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eliminate the wait« halo, caused by high energy electrons which pasa through the 

uuivm'i  collector mesh, the smaller black halo cay sot bo entirely eliminated, since 

it may be caused in part by low energy electrons which do not pasa through the 

mesh. Experimental verification of the effectiveness of thick collector mesh to 

eliminate the halo effect was obtained in an image orthicon in which the usual 

.0002* thick electroformed. collector mash was replaced with a piece of Corning 

fotoform glass .0Q7" thick ha7ing jjO  rows per inch of square holes which were 

.0015" on a side giving 2$%  optical transmission.  The gla«f< mesh was made conduc- 

tive by aluminizing from both sides using several evaporation sources to coat the 

iaaer walls of the holes. A teat of this tube with a bright concentrated source in 

the middle of a dimly lighted test pattern showed no white halo effuct under 

conditions which would have given a completely washed-out picture on a standard 

image orthicon.  The principle, therefore, appears to have been proven, and the 

remedy should be equally applicable to. image orthicons and image isocons.  Imaging 

quality on this tube was poor due to non-uniformities in the fotoform and low 

optical transmission.  As a next step, w», therefore, attempted to make or obtain a 

high quality, thick, fine textured, high transmission metal collector mesh to 

fabricate a tube of greater utility for the Air force. 

Efforts to obtain thick electro-formed mesh include work in our own laboratories 

and work performed on a subcontract with Buckbee-Mears.  As noted elsewhere in this 

report, electro-formed mesh of the type normally used in the image orthicon are 

formed by plating copper into shallow grooves in a flat glass plate.  The thickness 

of this mesh cannot be built up by further plating after the grooves are once full 

because the plate tends to mushroom out over the flat glass surface and to close 

the holes in the resulting mesh.  To obtain preferential pioting to increase the 

thickness of the mesh without decreasing the optical transmission, we attempted to 

produce a physical barrier in or through the holes in an existing piaca of meah. 
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ID one experiment, we coated existing pieces of standard mesh with photoresist, 

exposed from one side with a point source placed at some distance from the mesh so 

that the resist on one side and in the holes was hardened, and then washed the 

unexposed rssist from the areas shadowed by the mesh bars, tin  then attempted to 

plate additional copper onto the rear side of these mesh bars using the hardened 

photoresist as a form to restrict the shape of the additional copper plate. This 

experiment was only moderately successful since it proved extremely difficult to 

remove the hardened photoresist from the mesh without completely destroying it. 

A second experiment conducted by Buckbee-Mears involved flowing a viscous 

fluid through the BMh holes fron one side while plating on the other.  It was 

hoped to obtain a balance between the rate of build up of the capper and the rate 

of flow of the fluid which was to provide a barrier to keep the holes open.  This 

experiment was also not successful in yielding any substantial increase in the 

thickness of the mesh. 

A third experiment motioned elsewhere in this report involved the use of a 

moving electrolyte which was forced through the holes in the mesh during the placing 

process so that an existing mesh could be built up preferentially.  Shown elsewhere, 

an increase in mesh thickness of 2 to 3 times was obtained by this method. 

However, this .0005" or .0006" thickness was far from the .005" which we considered 

the minimum necessary to obtain satisfactory interceptioc of obliquely back- 

scattered electrons. 

A fourth experiment also mentioned elsewhere involved experimental production 

of a plating master from Corning fotoform glass. While deep grooves could be 

produced in the surface of this glass, they were so irregular that the experimental 

masters were unuseable.  Details of this experiment are given in Section V.  Tne 

work with Corning occurred at a time when they were moving their fotoform facilities 

approximately 10C miles from Corning, New York to Bradford, Pennsylvania and was 
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shelved not so much for lack of promise but because Corning could not work on the 

development at that time. 

After several months, we decided to shelve temporarily the entire thick mesh 

program, hoping that advances in tue statt* of the mesh making art might contribute 

the "know how" needed for profitable resumption later in the period of the 

contract. The approach still seems valid, and we have retained it as. a desired 

goal to be sought on corporate funds whenever « technical advance makes it seam 

feasible. The military value of a halation free image orthicon, with its ability to 

accomcdate the wider dynamic range needed in televising outdoor scenes, has been 

reemphasized by customer requests made since this investigation was conducted. 
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SiäCTIÜN VIII 

IMAGK SECTION UiWAGNUICXTION 

As indicated in the theoretical section dealing with the fundamental limita- 

tions to forming televieion images at low light levels, most of our effort has been 

devoted to increasing the signal current developed at the image orthicon target. 

One possible way of increasing signal current is through use of a larger photocathoae 

with an appropriately larger lens of the same optical transmission and f number. 

That this is so may be seen from the following equations. 

») Zpc    =  EaRT 

kP~  (M + 1) 

where: 

E^ ■ photocsthode illumination in foot candles 

Es ■ scene illumination in foot candies 

R ■ reflectivity of scene (diffuse reflection is assume«!.) 

T ■ optical transmission of lens 

M ■ linear magnification from scene to photocathode 

In most cases, M is very much smaller than 1 and is neglected. 

where: 

Ip,c    ■      signal current from photocathode  in microamperes 

S        =      sensitivity of photocathode in microamperes per lumen 

Kpc    ■      photocathode  illumination in foot candies 

A        =      area  of photocathode  in sq.   ft. 

Thus,  the  signal  current can be  increases, directly by use of a larger photo- 

cathode  provided  only  that lifcht optics are available   to maintain   the  same f number. 

Use of a  larger photocathode  is also desirable  sipr.o  it permits use of a 

larger field of view with a given lens.     Therefore,  we devoted- some  time  to 
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consideration of preamplifier image orthicons with large  input photoaurfaces,  in 

which electronic demagnification was used  to concentrate the photoelectron current 

on a  smaller target area.    Two principal approaches were  followed.    The first,  a 

5:1 demagnification high voltage electrostatically focused   image   intensifier, was 

designed as an integral preamplifier in a single  large   Duib with an image  orthicon 

using a  thin phosphor photo surface member as  the transfer means.    The high voltage 

structure was  that which has been manufactured at  the Westinghouse Tube Division 

for  ten years as the WL5997i «1*1 which is  normally used for  intensification of 

faint x-ray  images.    For the  second approach, we designed a magnetically focused 

demagnification image section to permit use of y diameter photocathode and  to 

directly  focus  the  resulting photcelectrons  on a  standard   image orthicon target. 

The  principal problem  to be overcome  in the high voltage demaanification pre- 

amplifier was that of reducing dark emission irom parts within the  tube, which 

would otherwise  result  in spurious  light  being generated  at  the  intensifier output 

and  in turn fed  to the  image orthicon.    '<<hile  parts were  ordered   for this approach 

in the  first months  of  the  research program in 193^,  only one unsuccessful attempt 

was made  to assemble  a   tube.     The work was then shelved   to  permit  taking advantage 

of an intensive  program instituted at  that  time under  corporate  funds   to improve  the 

design ana  processing of the high  voltage  intensifier structure   in  the x-ray 

sensitive version.    Although since  that  time,   the manufacturing control achieved 

for   the  x-ray sensitive  version has been so Improved   that we had  occasionally 

achieved  a yield of  75* on these  tubes,  and although we  have  recently  placed a 

visible  light sensitive  version  of  this  intensifier in production for use  as a 

light amplifier as part of  the  instrumentation of nuclear physics, we decided not 

to revive  this particular approach.    This decision was made   jointly with the Air 

Force  task  scientist,   primarily  to avoid any work which  could be  construed  as a 

duplication of work being performed  in another laboratory. 
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dhile tue high voltage demagnification preamplifier offered both the advantages 

of the larger photocathode and a substantial gain obtained from the high accelera- 

ting vcitago, the low voltage, magnetically focused, damagnification image section 

offers only a gain equivalent to the reduction in area. As a reasonable compromise 

between the gain desired , the benefit of being able to operate the tube in an image 

orthicon camera with only modest modifications, and our estimate of how sharply the 

required magnetic focusing field could be altered without disturbing the electron 

paths in the scanning section, we worked out a tube design in which the electrons 

from a 3" diamater photocathode would be focusied onto the l.h*  diameter target. 

Other things being equal, this tube should have displayed an increase in sensitivity 

of four times over standard image orthicons. The image section electrodes and 

photocathode curvature were laid out ID an electrolytic plotting tank, the needed 

magnetic focusing coils designed in a scaled-up version, and the design checked by 

magnetic field plots. Although an experimental tube was attempted, this approach 

was dropped, on the basis of a theoretical analysis which indicated that the 

resolution obtainable with such a sharply flaring magnetic field would be sharply 

degraded. For the tube we had designed, our theory indicatod a resolution of only 

10Q to 20Ü T.V. lines. When we considered the rather limited gain we expected to 

obtain and the requirement for larger light optical lenses with special elements 

for proper focus on a curved photocathode, the benefits to be gained from this 

approach did not seem worthwhile. 
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APPENDIX I 

MODULATION PHENOMENA IN THE IMAGE OHTHICQN 

Technical Memo by R.V. Floyd 

For a given operating condition of an Image Orthicon, it is possible to define 

a time constant to and a maximum output signal I .  If the output from a target 

element is measured by the ratio R of the actual output !_,* to the potential maxi- 

mum output 1,  and the input by a similar ratio f>  of the actual input signal I.  to 

the maximum output (and therefore maximum input) I , analysis shows that R lags ■ 
behiai 0   at low light levels,  and  that  the equations for  these  lag effects are 

quite general, depending only on R,  p    , and  to.     The time  constant increases at 

low light levels,  and may be as high as 5 seconds at threshold, while  the lag 

effects are  visible  for durations on the order of several times  to.    These  lag 

effects  cause great deterioration of moving scenes at low light levels, and are 

likely to prove  quite undesirable  in many military applications.    Lag may be 

reduced,  however,  by  varying several  tube parameters,  including the  target mesh 

capacitance. 

This memorandum examines  acme  of the  problems of low  light level  imaging upon 

a moving or transient scene, as  related to sensitivity,  by means  of a  similar 

theoretical approach. 

In the Image  Orthicon,  the  signal input to the  target,  I.   ,   is approximately 

equal to  .64  (6   -1N   Ipc, where   S   is the secondary  emission coefficient of  the 

target for 40Q  volt electrons,  and  1^ is  the photocathode current.    The signal 

output for positive  or  zero target  potential  is M  .   Ibeam, where  I. is  the beam 

current and M is a modulation ratio  imposed by  the secondary emission of  the 

scanning side of  the  target.     For negative target potentials,   the  signal output 

^out ia M  '   ^beam exp - — aince  the  fraction of beam electrons which can overcome 
kT 

a  retarding potential  V is  exp _ V<*.   If I    is defined M N . Iv       ,1        =T   exp   Ve 
£p m beam      out      m     r   JTTJ, 
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The ratio R of  the actual output  3ignal  to the maximum output signal  is then 

Jout = exP - &• 

In the  preceding formula   V is  the retarding potential on  the  target  (positive  if  the 

target  is  negative  with respect to  the  cathodej,  e is  the electronic charge,  k is 

Boltanann'a constant, and T is  the  temperature  of  the  cathode  in    K.     The net 

current to  the  target is  I.. - I     .   = I      -I    exp      Ve   .     Then if   the  target raster 
18        out in      ra v5 

capacitance  is C, 

dt        c V           c^ / (1) 

ie will consider periods during which the ligat level is constant, so that I, 

is constant.  In the interests of mathematical solubility we will use an average 

value for Iva_m and 1^  as though every target element were continuously read, 

although in actual operation reading occurs in pulses at 1/30 second intervals. 

This approximation is permissible because time lags at low light levels are much 

greater than 1/30 second.  Let P   be defined by P   -    in. the ratio of actual 
I 

input to the maximum potential input.  Then: 

dV = -    m    (    p -exp ST 
dt C 

dV = - 5a   dt 
p - exp _ Ve          C 

kT 

Integrating: 

V + kT log ( p    - exp _ Ve\  = - JJ t + K. 
P      fa      V kT/     C (2) 

where K is an arbitrary constant. 

If V0 is the target voltage at t = 0; 

K ■ Is. * kl    log (p-  exp . *£) 
P     p  e      V kT * 
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Then the  general  solution of equation (1)   is: 

-£ V ■ (V -  V0) + kT log      /> - exp " p\ 
C el-  *Qe ) 

\€- exp      kT/ (3) 

In the particular case where VQ = 0, 

- V« 
- _£_ I t = V + kT log ^- exp  kT 

c   m *»-l (4) 
- Is. 

If 0 *  1 in equation (4). log Z9 - exp  kT may be considered finite only if 
? -1 

exp _ Ve f 1, or V = 0. 
kT 

If p   -  0, equation (4) is an identity. However, if f   = A   » 0, we find: 

r-s). - .£/£ I t = V -*- kT log exp(  kt/- A^ 
G e           1- ^/o 

-V+kT (- Ve+ Af> f 1 - exp Ve  U 
e \     kT V                  kT/J 

Then _ Im  t ■ kT     ( 1  - exp    Ve\       ;     exp  Ve  ■ 1 ♦ _m_    e__ 
kT/ kT C      kT 

V = J r log |     1 ♦ Imt 

e v C      kT/ (5) 

0 = CV = kTC log       ( 1 + JL    e_ 
G      kT/ (6) 

The output aigaal at a given time is a function of the retarding potential 

seen by  the  beam; Iout = j^ exp - Ve   .    We recall  that h =    out   j  then 
kT I ■ 

R = exp - Ve   ,  or V ■  - kT    log B 
kT e (7) 

For the  case V    = 0,  solving equations  (4) and  (7). 
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- _£_ L-t = - kT log R +  kT log       /   P Z_R_ 
{    f    -1 C « 

2_     f Iat      ■ log    (   P   - 1) R 
kT C P     - R 

R (   P   -1)  ■ exp      fe_       '      ml      ;  solving for R, 
P- R ^ kT C 

IkT C J_ £. exp 

fs_  Jüal_ (8) 
P - 1 + exp    \ kT C     ( 

If V    = o,    P = 1,  (8)  becomes 8*1, 

If V0 = o»    P = 0 equations (5)  and  (7)  become 

log R ■ log 1 + V     g     ] ;   B = i. kT '    V 1 + _&!   e_ 
C      kT 

C    kT (9) 
R = e  

G kT   -(-It   m 
e 

Let a   time  t  be defined  by      R      ■      t  in equation  (9). 
dR/dt 

AU      I      C    kT dR »   m 

(cl ♦ vT 
C kT    +-   I t 

? = R = __e "  = C_   kT    +   t 
R I I      e m m 

*0 ■ S_   £E ; then I ■ 1Q + t (10) 
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t0, as defined above, will be called  the  time constant, and will prove quite useful 

in describing transient effects. 

If V0    V   0,   P   = 1,  let  V0 = - kT    log R0 
e 

Then equation  (3)  becomes 

R * 1 

1  +   ^ /         V    kT "c" /                              <u) 

it may be seen,  however,   that a number of  variables may be eliminated from  the 

equations by substitution of  to.     Üquations   (8), (9), and   (11) become 

8 =   Pexv      \f* /to] (R. » 1,   e*f 0) 
P - 1 + exp pVtoJ                                                                           (8) 

R =  i (B    - 1,    e • 0) 
1 +    t/Eo ° (9) 

R = 
1+/1-R0\     exp - t   /to    (R0   ^   0, />=1) 

fl. 
ill) 

Finally,   the general equation  (3)  becomes 

J8 ■ R0 
exP   /° Vto     (0 V B0 ^  <°   . P % 0i    (3) 

/°-R /o-Ro 
o 

giving R as an implicit function of the parameters RQ, to, and   /O   , and of the 

variable  t. 

Thi3  representation shows  the  lag of signal output ratio R behind  the signal 

input ratio   p   .    An R of 1  indicates  that  the area  of  the raster under consideration 

shows white  on the  kinescope; an R of 0,  that the  corresponding raster  shows  black, 

.similarly, a  f>   of 1 corresponds  to a  fully illuminatod area of  the photocathode, 

a    p    of 0  to a dark area  of  the  photocathode. 
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The  theoretical derivations  are  completed.     It  now  seems  relevant  to substitute 

practical  values  into the above formulae.     It  is assumed   that  e_ is approximately 
kT 

11.5;  target-mesh capacitance of a  standard 2-mil tube  is  10Q uuf.     Lf photocathode 

sensitivity  is ^0 ua/lumen,   threshold  is 1.5 x 10~5 foot candles,  and    o     target 

is 5,  then I*    at threshold is lb uua.    The proper setting of the beam current is 

defined  by Ij_n = I   ,   so I    - 16 uua.    At the knee  of  the  curve  of   the  tube's  transfer 

characteristic,   the  light -level is 5 x 1CP  times as great as  at  threshold.     Then 

I    =   .08 ua. m 

at threshold, to -  10      - 0.54 seconds, or 16 frame times. At 
lb x 10" n x 11.5 

the knee, the time constant is .oQOlOS seconds; this is negligible compared to a 

frame time. The time constant is equal to one frame time at a light level lb times 

threshold.  If threshold for £ very sensitive tube la l.j} x  10  foot-candles, to 

is 5«k  seconds at threshold. 

The graphs of signal response on the following pages show that, after an 

object has disappeared from the scene or mcved to a different location, a time of 

several times to is required to register an altered signal on the kinescope 

(Figure 73). At threshold, for example, a time on the order of 4 to may be required 

to reproduce a sharp increase in light intensity. A decrease in light intensity 

will probably be registered on the kinescope in a time 2 to.  These times are 

typically two seconds and one second respectively for standard tubes at threshold. 

These are the lag times which bare been observed for standard tubes. 

It is noteworthy that, while the equilibrium signal from a stationary scene at 

low light level is independent or to, for a scene which varies at frequencies 

comparable to to the signal is greatly reduced. For example, if a light is 

switched en and off so that P   -  0 and f>    -  1 for alternat« periods of length to, 

the output signal, as shown in the accompanying graph (Figure 74), has a maximum 
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amplitude ft of only 0.25» and an average amplitude of only 0.12.    for comparison, 

the  ideal response, for to very small  in comparison with  tne light  switching 

frequency,  has a maximum and an average amplitude of 1.0Q 

If the light switches on and off for periods of length   T    , where T  *     to, 

the  signal has a maximum amplitude  of   .2$  I     /to,  and an average amplitude of 

.125    r    /to.    Not only is  tne  greater part of  the  signal lost,  for moving scenes at 

low  light  levels,  but a  90° phase lag or  output behind   the  input  causes distortion 

of  the  form of the  object.    Finally,   the output has a different wavo form  than the 

input,   presenting an  "integrated"  appearance. 

To use even half  the available  signal from a moving image  (.say,  an n-line bar 

pattern)   the bars must take at least 4 to seconds to pass a particular point on  the 

target.    At threshold,  this means that a motion of camora or object must be  slow 

enough that 2n seconds are required  for the  image  to cross  the raster,   in order for 

half  the available   signal   to be used.     Then a  100-line  image would  be noticeably 

degraded   (i.e.,  at   threshold, would disappear)  by an image moticn such  that  it 

would  cross  the  raster horizontally  in 200  seconds.     At a factor of  64 above  thres- 
■■ • _ 

hold,   the  point at which 4  to is equal  to one frame   time, a  100-line  image  could  be 

seen moving at a  speed of 3  seconds per raster width.    No significant further 

improvement would be expected beyund  this point,  because of  the limitation of  the 

I/30  second  scanning rate. 

The  conclusion to be drawn from the above for low  light level operation is  the 

desirability of reduction of  tho  time  constant  to  the  smallest possible  value. 

Since   to is  proportional  to  the  target-mesh  raster capacitance,   it may be reduced 

by use  of a  large   target-mesh spacing or by minification of  the  electron image onto 

a  small  target area.    The use of a monochromatic  beam,  filtering out ail  but a 

small  segment of  the wide range  01   electron velocities produced  by  the  cathode, 

would also rft.iuce  to.    Thi3 might be accomplished by a device  comparable  to  the mass 
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spectrometer, using electric or crossed electric and magnetic fields. 

If the choice must be made between large target mesh spacing, and nullification 

onto a small target raster area, the former seems preferable, ^unification involves 

sacrifices in resolution, a« well as formidable electron optical problems.  On the 

other hand, wide spacing may be accomplished with only minor changes in tube 

structure. 

Some comments en the validity of this analysis seem relevant here.  The 

assumption of continuous rather than periodic scanning is a necessary one for 

differential analysis. The error introduced should be snuill;, the time required to 

reach a certain signal ratio will be in error by less than one frame time, l-'erhaps 

the most doubtful assumption is that of Maxwellian velocity distribution in the 

beam. Thf» beam is formed in a region of high space charge, which may alter the 

velocity distribution. It may be safe to assume that the beam is emitted from the 

virtual cathode caused by the space charge, with a Maxwellian distribution. 

Exparimental data are not available to confirm this hypothesis.  The effects of 

target and catnodc work functions and contact potentials is to add a constant term 

to the target retarding potential. The validity of the analysis, however, remains 

unaffected, provided that the zero of potential is defined as the lowest voltage at 

wnich all electrons in the beam reach the target.  Lateral leakage along the target 

surface, and the fact that Charge transfer through the Unget is not instantaneous, 

are ignored.  The writer feels, however, that the above are second order effects, 

and taat the analysis has considerable validity at lew light levels. 
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APPUvLIX II 

R£S0U7TX0U LO0TATZ0£B IN THE 

aj&ONlMhY - BJMBOM DttOI AMHJUW 

INTHOEUCTIOJi 

It  is  the  purpose of this report to describe  the physical interrelationships, 

which are  important  in the  design oi   the  transmission    secondary emission inten- 

sifier   '   .     These relationships  are used to determine the  parameters,   which have 

greatest  effect  on resolution,   and  to  calculate  the  theoretical maximum resolution. 

1.     nioOLUTION 

figure 71) show» a sketch of  the  image  tube.     The electron current,  which is 

released  from the  photocathode G  is amplified  in the  following stages   by the  trans- 

mission secondary electron multiplication    of  the dynodes D.  wie  to the parallel 

{ _^. g) arrangement  of  all of tne  dynodes  it is 

Q OS possible  to form an image  from tne  photo- 

V 
cathode onto the phosphor screen o at the 

end of the tube. 

Tne resolving power of this system, 

LfgM '\ZV* ** 

VA'VSMV^ ■w- W AAM-W- 

I—-I 

!-A/*» Light 

FifOirfi 75 

both with and without the assistance of 

a magnetic focusing field is obtained from 

a knowledge of image forming properties 

of one stage.  In determining the gross 

properties of electron resolution, no 

account is taken of spherical aberrations 

^•i-.J. oternglass and K. M, «achtel - Ihi. Transactions of the Irofessional Ciroup 
on Nuclear -science, V. Naj, pp. 2V-J2, l^o. 

"I-..J'.. Aacnt.el und A. i,. Anderson - "The Transmission -xjcsnaary Emission Image 

i-ultiplier" - Hesearch neport 8-1C4.3-H12 December lo, 1^1. 



or other defects of higher order,  furthermore it is assumed that all trie primaries 

are absorbed in the foils (the "cathode" ol" a stage) ana that only the low-energy 

secondaries are emitted from tht opposite face witn no spreading or modulation of 

the input image due to film structure or tnickness. 

1.1 XM*& ftftfoftTION -ITiiJUT iWlN-tTIo FliLD 

rt'ith no magnetic field electrons are only accelerated by the electric field 

between the parallel plates.  Due to a tangential component in the initial velocity, 

the electrons, released from any one point on the cathode, will produce a circle 

of confusion on the front surface of the following dynode. oee Figure 7o. To 

estimate the shortest distance between two points on tne "cathode", whose images 

on the "dynode" may just be detected as distinct circles, one must calculate the 

current distribution across the diameter of one such circle of confusion.  The 

following pair of equations describe the path of an electron in the assumed field: 

v  .t 
oy U) 

vox •* + \    t2 
(2) 

where  the symbols  have  tuese meanings  in terms of the initial velocity v0: 

v0  sin <x ,   vQX=  v0  cos QC (j) 

Here OC is the initiai angle and a ■ X  ? , 

where m  is the specific electron charge, 

(J> the acceleration voltage and d tne dis- 

tance between the foils. 

rfitn x = d the time of flight is re- 

presented by: 

:""Y a ''   d V^   U) 

Dynoc« 
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Here v0JC is neglected against the average speed of the electron«. Symbolically 

L» 1.  (rfith an acceleration voltage of 93 = j.^ KV and an initial energy of td. 
2  v ox t 
2 av one finds d  ^ 20. Hence the result is exact within^*). The y-coora- 

2 v * vox 
inete of the path in the plane of the anode is therefore: 

y - v    M. =  v   Igd       sin cc e>) 
d   oy   V a    0  V a 

It is assumed that the number of electrons NÄ leaving the foil with a certain 

angle OC  is given by 

tyc = M cos x &) 

where NQ  is the  number of electrons starting perpendicular  to tne plane of the 

cathode.    Therefore,   the number  of electrons W    reaching the  anode wr.th  the co- 

ordinate   x  is given ty 

ft    m  h |1   -   Y2  a 

Hence, the electrons are elliptically distributed over the spot diameter, oee 

figure 2.  The radius tp) of the focal spot is obtained by setting OC = yo0 in (_^>). 

Then         Y   = p = v   I 2d 
max       o \\  

'end 

wiiere (pQ  and <p    are the initial und end voltages respectively. 

Thus we -iave tne diameter 2p of an image, created from a point source. How- 

ever, we are interested in the image of an extended slit.  The tedious calculation, 

which is omitted here, shows that the current distribution in the image of a line 

differs only slightly from the distribution in the image of a point.  The dis- 

tribution of a line is, in the first approximation, parabolic instead of elliptic. 

The half widt.i of  the point distribution is larger than that of the line distribut- 

ion by about the factor 1.3« for the uniformly illuminated, extended slit one 

finds a current distribution whicn is represented by a bellshaped curve. 
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The limit in resolving the images of two parallel slits should be reacned with 

a separation of 0.7i P. ''or slit wicita equal to slit spacing, the curves, repre- 

senting the electron distribution, cross at half the maximum amplitude with tnis 

spacing. 

iJrom the above calculation it turns out that the quantity p, the radius of the 

circle of confusion of a point source aecaa to be a reasonable limiting distance 

between two extended sources. Then the resolution is given by 

H. - 1 -1 
P    2d H To 

Ettctron  Flux 

Mill! 

h-p~H 

k-i.Si j —m 

! 

!       1 
1 

I 
i 
1 

Ny 

X 

• 
i 

l\ 
|     1   \ 
k  i    N.. 

(9) 

For a stage with d ■ .5 mm, <J>end= 3«2 KV 

and ty    ■ 2 ev, tae calculated resolution 

is Ke ■ 4 line pairs p«r mm. This is in 

agreement with experimental results. 

1.2 löCUällü </I'IH MkCaHiTIG SULD 

The use of an axial magnetic field 

in focusing the electrons which are re- 

leased from each foil leads to a very much 

better image at the following electrode. 

The period of the spiral path of the elect- 

rons in the magnetic field, which deter- 

mines the time of flight between the foils, 

does not defend on the initial velocity. 

One sees from 

2 
mv 

°y    =  Be v     ;   and v    =  2jrr      /10) 
r oy uy      T 

VJ-W/ 
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that  the  period 

T - 2TJB 
eB ....    ,    -  ' (11) 

In these equations e is the electron charge, m the electron mass, r tne radius of 

the spiral path in the plane perpendicular to the magnetic field and B the magnetic 

flux density. 

The distance travelled in the direction of the field is 

2 
at 

-^ + Vox*f (12) 

2 

The condition for focusing requires that the time of flight, tf,   be equal to an 

integral multiple, n, of the period, 

tf = nT (lj) 

substituting (11) and (12) in (lj);  letting x ■ d, vox-= o, and solving for B, we 

have ; 

ntr m i               ep 
2a  anu since a -  e_ 
d dm 

(14) 

from (1^) one sees that the condition of focusing is satisfied only for an 

initial velocity with one specific x-component which, in tnis case, we assume to 

be zero, A finite initial velocity , v  , will therefore cause the point of focus 

to be displaced by the amount, Ax,  This displacement must, of course, be small com- 

pared with the interdynode distance d. 

4 x ■ vox *f = T ox & UJ) 

These faster electrons produce at the focal plane v      = 0,   a circle of confusion, 
ox 

whose size one easily finds by help of the aperture angle ß  at the anode (figure 4), 

*e have 
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c-nu y = tan ß 
vtnd x 

where     vend y m  voyi vend „ ^ vend 

The aperture angle of the beam at the cathoae is 

0/ = tanOC 
vox 

The raaius of the circle of confusion becomes 

(16) 

(17) 

(18) 

l = Ax,  tan/3 -A  x end .y = /) 
vend x 

v 
x  o., 

'end (19) 

oince the secondaries start with cosine distribution, which means an average de- 

flection angle of kb°t  we can write for the average components of the initial 

velocities: 

"7  = v ox   oy 
(20) 

Cfrcle of 
Confusion 

s>o with (li) follows: 

\ 

Vbx = 0 
2p = 2 r- i, '2A    _2X 

Ö  vtnd 

end y 

Focol Planes 

/ 

and using (20) 

_ 2 v      _ 
2p = _2— -\ / 2d' = 

'end 
(21) 

'end 

 V0«:V0X 
or 

_ 2 
2v » 

2p = —j— a = 2U n 
v enu       ^e 

whert ^) is the voltage corresponding to 

the average initial velocity v  , 
o 
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Eecause  pi3  the radius of the circle  of  confusion uue.   to an averabe  initial ve- 

1 
locity,   the  resolution is defined as K =  ^     ,   leading to: 

H =1=1 4v o 2p ^Q   ▼ <? 

|i (2.) 

where Av0 in the subscript indicates the limit in resolution cue to spread in 

initial energy of the electrons. This resolution compared with that obtained 

without magnetic field turns out to be (&q> 22/£qa 9) 

Av0 = *e A|^ (23) 
o 

tfith <P = 3.2 KV, <P ~ 2V, d ■ 5 ™"i -e find K   ■ loO line pairs per mm, 4° 

times better than without employing a magnetic field (see p-ge 2«-l.) 

In addition to the limitation of resolution cue to the finite initial velocity 

of the electron we- also have to account for focal deviations uue to inaccuracy in 

the Quantities involved in the focal conuitions; such as m^netic flux density, 

acjelerating electric field ana dynoae uistances. 

1.j  Limitations in the hesolvin,' Power <-ue to Variations in i-iaf;netic j'ielu Strength 

Variations in the amount of the magnetic flux density reduce resolution. In 

the first approximation cn^i^es in uirection only cause image distortion. ^ 

variation in magnetic flux density cnanLes the period of the electron movement in 

this field and displaces the focus before or behind the plane of the anoae. Using 

the period, calculated in equation (11),the change in jxrioe can be expressed as: 

AT -   -2«§ ,-| . 4B (24) 
B 

i^or  the   displacaoent we have: 

A x = \na ' D  ' * T = :=S"L   %nd * B to) 
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.. er< n indicates th« number of revolutions in the path, .vita tat enu velocity 

of the electrons fixtu by the electric field strt-nttu, we final 

Ax • -ft    . (26) 

To find out  the diameter of  the circle  of confusion,  we have  to  consider,   as 

pointed  out  before,   the ratio of  the increased  x-coiaponent  of velocity to  the 

y-coinponent  at  the anode: 

2]  = 24x (1/2)   rc_ 

3o we  find for the  resolving power 

arn 

\ 
SSL9  6B 
e    ~o 

(27) 

B (2Ü) Bi   ti /     e 
'A a    2p     2*n "was <J70     2Th 

1.4    Deviations in  the Electric field strength 

Variations in  the electric field strength change  the acceleration and by  that 

the   time of flight of the electrons between the foils.    One finde  the dislocation 

of  the focus from: 

f y ei and therefori At f= yt? (1/2) f 

1:1. to 

d£ 
4 * = Tend • * *f * -ü I~ 

ettr of th( circle or confusion i. therefor : 

2p* 2d (1/2) .§^4* 

(29) 

Ü0) 

(3D 

. L...i! in resolution au< to variations in electric fiele stren, th turn.» 

i ( ■ ) R   - J , If. 
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i.j, mechanical ^cvia tions 

Of further interest is  i I iflm aoe of uncertainties in the ueohanioal 

dimensions of the tube, particularly, uncertainties in foil separations« .Je now 

have to consider not only that the displacement of the foil dislocates the- focal 

plane relative to the path of the electron.;, but also that there is a ueviation in 

the path of the electrons themselves cue to the change in electrical field strength. 

The latter condition arises because the voltages on the Stages are fixed« One fiius 

for the ueviation in time of flight from this equation 

tf = d . 

Im 
~'\hq>        .Ad 

(33) 

(34) 

-\ 

and from     2* a "Ax  '  (l/2V ^ ^x " v „d '** '**   J- ^ 
m 

2P 
V<p,. 

(35) 

4d y 9 
or R   =  1   / <P, (j6) 

od 
c 

In this connection it is of interest to know the mechanical deformation of the 

foils cut to the electric field  r s. Earlier measurements by i,. J. ot entlass 

on unsupported «1?0 films showed a maximum reformation (displacement at the center 

of the fill,.) of about 0, mm at E = 800 V/mm, The tnic^nees was several hundred 

i 
tram  .    In th<   im        tube the  foils art   pulled by the electrical field from 

both    i  ■    .     rher fore,  only th<   difference in field strength at tne foil causes 

■ Ion,      For    n   ivi .■■.,     f >il  . i ; IT  ' . in  >f i, ma and an initial deformation of 
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Bieoretical Overall Resolution 

of a /our-Stage Tube 

B h overall 
■ -u.;.) Cath >ae  ^t;-.:/. i-xiltijli^r ~ta,-;t. ,tuostaor   .4a;.;e       li.it   t-.-irs/mm 

418 32 32 53 23 

It must  be mentioned once more that  t..eoe results  giv<   uiü.j   tui estimation 

of what one    can expect at tm   best«    Besides ignoring higher oruer errors in the 

tion,  we  did not   pa;    ittention to image distortion aue to non-uniformity 

of  the  elect.ic   field   between the  electroues.     This  factor  becomes  considerable 

if tu   se]   r large,    .-.n arrangement must  be   provided tu avoiv. serious 

1st irtion by this effect.    To fir  t or ..er the non-uniformity oi' the  electric field 

does  no1   aff«  it   thi   resolution tut gives rise only to image distortion.    J?or  the 

application  in  nucleeu   j        ■  .   phj   this  cannot  be   allowed because it  changes  the 

r<lativ«   curvatur«   of the image  to the original path.    This coulu leau tc  wrong 

conclusions concerning th<   i   er y   in i  itum transfer of the particle  in the 

stop] .■'■ terial.     Nevertheless  the   ..bove  consideration ..ill ^ive   a rou^ esti- 

lon    :'     K    Limil     in ri    >luti   i ich could    approximately  be achieved with  tue 

resolution limitations in th<   sec -   l<  :tron ima        n, ' i   Li r« 
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APPcNDIX III 

CONTRAST IN TO£ TRANSMISSION SECONDARY ^MISSION 

DUOS XMXBBXIUB 

The following work makes certain assumptions and considers only certain 

factors while ignoring others which are believed to be of second order. 

If all electrons at each of the stages of the TSBi  were converted tc low 

energy secondaries, there would be no question that the contrast would be very good. 

It is known, however, that there is a fraction of primary electrons which penetrate 

the dynodes emerging on the exit side with relatively high energies.  (These elect- 

rons have been defined as having more than 5^ volts energy in all measurements.) 

üuch electrons cause a decrease in contrast due to the diffiuclty of focusing them. 

Unfocused electrons cause a "halo" around every signal element. 

To estimate the influence of penetrating primaries on the contrast of an out- 

put image of the TSEM we consider only those electrons which have penetrated one 

dynodo stage (.Figure 77) •  The number of electrons in tne halo produced by the 

penetrating electrons relative to the number of electrons in the signal spot is 

N      . c- 
halo - (n-1)  716  2  ♦ 7]  1 

h2 -&I (1) 

where:    n ■ number of dynode stages 

»1 « number of penetrating electrons  per  incoming electron 

01  - secondary emission ratio for signal electrons 

O 2  - secondary ettisaion ratic for electrons which have  penetrated   the 

preceding dynode film and arrive with an  energy larger  than  that of   the 

signal  «lectrons. 

The  relative number of electrons at the output produced by electrons which 

have penetrated two succeeding stages is 

•   ■ 
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^f^1   "     (a - 2)        *ftfr        ♦      ftaf» (2) 

^?        "    penetration ratio of electrons which already have penetrated one dynode. 

£       ■    secondary emission yield of the above «lectroris at the  third dynode. 

Since      7? ,        Vo>  '"   are nunfcers smaller than one and     o -«       0„,  ...  are 

decreasing numbers with increasing subscriDts,  the exnressions for "higher order" 

penetration processes are usually small compared to the first order expression (1) 

and may b6 neglected in this estimate. 

To calculate the contrast of the signal spot to the inmediate surround, the 

area of the spot and the halo must be considered.    The  area of the signal spot is 

1_ roughly   __   where    R   is the resolution of the image tube in line pairs per unit 

length. 

The  radius of the halo depends on the ratio of flight time of the penetrating 

electrons to the flight time of the "signal" electrons.     This ratio gives the 

fractional part of the  circumference of the circle in the plane perpendicular to the 

tube axis the fast electrons have completed.    The angle  these fast electrons have 

completed is: 

*f (d   BHVox) /\iT^ 
tse v V    mV , I   i     - I (3) i—   i   i     -1) 

ox I 
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1/2 ...    the dif ertnce  turns out to b<   about 1/jj of the absolute   field stren^thi 

..ith an ab field  3t] -   60G   //.....  (^ K.V on u dist QC<   01' i i.-..)   the larg- 

Iditional defo caution i-  less than 1 uu.    The direction of this auuitioneil ue- 

Lon oJ     tit   thin foils leads to a small inten ifioation of errors c.ustd by 

deviations i;i tin.  i'oil separations« 

To review ell of the  pri  ■• i in^, influence.; on the  resolution,  ..t. rewrite   the 

fin 1 expr< ssions of each effect: 

He  olution per  stage cue  to 

(a) spr<  id  in initial velocity«    h.      ■ _L_   % 
A °  2 d *S 

(b) variation in magnetic flux density) 

R ■ J 

(22) 

(28) 

(c) vtrittinn in electric field strength! 

4iL 
l We J 

(d)    variation in  distances  bet..eon parallel electrodes: 

U2) 

1 
tic (jo) 

ISUI in -  si  ..    istributi m in electron current uensity across the circle 

of c infu i  ..    rid  u. in    th<   indi ,   .      uce of all of  the  above factors,   one  can cal- 

i Lving  , J .tr   J.   >ne  sta&e  in the following equations 

■ 

A v Si 3it     R: v<4-; (22) 
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In the following tables we givt :
J;.K. examples of quantitative v^lue^ ol 

different contributions cu< to spread in initial velocity, variation in electrical 

fiel< str ogth, .-    a tic flux density and- electrode distances« 

T-.KT.I.. 1 

(9t  = 3600 volts; <P0 = ^ volts) 

d (mn) J 10 li 30 

"^v.       t~ 180 90 >c 30 line  paii's/un 

h A,- = |ii äs 8_0 k25 1 . line  pairs/nun a-    d 

for 4 L/JI = 0.01 

Ad 

A d =   o.l  i.j1. 

213 213 213 21J line  pairs/iiüi 

T^üLi. 2 

(<P = 10,000 volts;9o = 2 volts) 

u(i....) 5 lu 1. jO 

5< 0 2^0 167 . Line  pairs/urn, ■■ 

■   A   ~   r 

■ 

A 
1400 700 £  . line pairs/am 

"Ad      — 

d  =   1 .1   .... J^O 350 line-  pairs/am 

22« 



ft. U-£. J. 

B 12 SS J2§ iiia 209 Gauss 

■ A-a--^- 
x 10"- 
h 

;B B 
Kb 

r 
AB a 

B 
0.0^ 210 IOJ 70 35 

n «H AB  = 
B 

0.01 ^20 210 140 70 

/IB    = O.OOi 8/|0 ^20 280 140 

r 
n = - 1Q5 J2 35 17 >       J ine palrs/iiiiii 

n - 3 70 35 23 11 

AB =  0.C2 
B \ 

.D = 

4 

6 

3J 

35 

26 

18 

17 

11 

8 

6 

Table  4   shows the magnetic  flux density as a function of electroue separation 

aid  niuiiber of  nodes   in tile  electron path   for  a stu^c  voltage of j.6 KV   {r,q.  14.). 

d(ram) 
n - 1 

n =2 

1. 

,10 

10 

1-55 

'IV.BLii /j 

JO 
419 209 

418 gauss 

It  turns out that  the contribution aue to uncertainty in electric  field 

strei i*u 11}   m   ii   ible.    The   contribution by  the uncertainty in  electrode 

■  :.  bi   ,.<...:   fairly low.    The main influence   somes  in  sase of large elec- 

trode distance   froi    thi    inaccuracy  in        n  ti i  fiela   itn ngth and from  tl       .     id 

in initial vel   :ity.     It  i.    possible   to compensate   changes  in ma  netic field strength 

alon ■■ I . -  tin    the  sta, e rolta ■ . 
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(Thii   voltage a n bt ohanged by 10% without effecting the yield considerably).    *lso 

by t.ii ..    ;..       :.) pi naate for differences in the eleotrode uiatances from 

I   IJ sta t .    However, radial variation in fiele  at:''. :., th as well aa non-paral- 

lel ]i   .-..   at of the dyno.Lj give ri3e to distortions for which there is no 0010- 

p nsation,  The maximum value  of radial variation in wagni tic  field and electrode 

,      -  . ,  ;..u.;t  be 1<       than the   tabulated values of  both quantities« 

I   bli   _.    ives  the   total resol it ion,  calculated with equation {22), for one 

i    <   under different conditions as they occur in differtnt parts of the tubej    a 

typical multiplier sti   e,   th«  first multiplier state  after the photocathode,  ana 

u   last  stagi   ion.an-   th«   ima^i     n  thi   phosphor«    üroni these figures the  overall 

olution of ;.- ;'oui'-.itc.ge tubi_  is calculated by a formula of type   (22)  anu tin 

ul1     ari   g,iv<     in Tal I <   6. 

d 

ffiOi BD 

v     . sad 

KV 

Ibtal in 

Volts 

jolutic 

£ 

III     I:    .       ■    * 

B 

Gauss 

AB 
B B 

Kesolution 
Line pairs/Ban 

Typical 5 0.1 • c 0.01 1Ü55 .- ] - 

kultipli« r 10 .1 . 2 .01 . .   . 1 76 

' I .1 ■ . 1 4IÖ 0.01 1 ... 

■ .1 • .  i o.o; 1 22 

3ta  ■ 

I '. . 10 ...       loü       ' • 2 

o28 1 73 

I • ,16 1 

1 
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1. The penetration ratio   1i    , should be as snail as possible. 

2. The yield for penetrating electrons      o     should be as small as possible 

compared with the yield    o -. 

3. The resolution oi' the system should be as high as possible. 

Ü«     The ( <X sin cp  ) of the penetrating electrons should be maximized. 



APPENDIX  IV 

HESOLUTION LIMITATIONS IN THE FHDNT SUHFACK 

SECCNDAffif EMISSION SCREEN AMPLIFIES 

Shown in Fig 78 is a sketch of the image section structure under consideration. 

Electrons emitted by the nhotocathode PC are accelerated toward the  first multiplier 

screen D and focused by the  axial magnetic   field.    Secondary electrons generated at 

the front surface of the mesh bars are emitted toward the Dhotocathode into a 

retarding electric  field region,  reverse direction and  are accelerated through the 

open areas of the screen to the succeeding dynode.    The soacings between dynode 

stages and between the  final dynode and target T are  relatively small.    Because of 

the compactness of the multiplier structure,  the presence of the axial magnetic 

field should have little effect on the secondary electron trajectories between 

dynode stages and is therefore neglected.     The  secondary electron trajectories are 

parabolic during the tine  that the electrons  leave the plane of the dynode and 

return to  the same dynode plane.     After they have  returned to  the originating plane, 

they are accelerated to the succeeding dynode in a parabolic path.     In this analysis, 

uniform plane parallel electric fields  are assumed to exist in all stages and the 

effects of field penetration in open areas  of the screen are neglected.    Mesh bars 

are also assumed to have rectangular cross-sections with mesh bar widths equal to 

the widths of open areas. 

The maximum height to which the secondary electrons will rise in  the 

retarding field is: 

Yta     =    ^0   COS2S (mm) (1) 
a 

Where    8    is  the angle that the initial velocity makes with  respect to the 

retarding potential field gradient E in volts per mm and Vo is the  initial emission 
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Figure 78.     Front Surface Secondary Emission Amplifier 
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velocity in volts.     In the calculations,  an average initial velocity of 2 volts is 

used. 

The horizontal displacement corresponding to this height is: 

X      -    2 Vo Sin 9 Cos9        (mm) (2) m  i  

The  radius  of the circle of confusion corresponding to this displacement is 

2 X m « p.    We now define limiting resolution as: 

B.    ■    1        (line pairs) (3) 
2p mm 

After the secondary electrons have  returned to the plane   from which they 

originated, additional radial spread occurs between dyrode  stages  and in the  final 

dynode to target stage.     This inter-dynode stage soroad is  approximately defined by: 

2d   A I Vo Sir.    oC       (nm) 0:1 

Where V is the inter-stage potential difference in volt.*;, d is the stag» 

spacing in mm and    oc    is the angle which the initial velocity mata * with  respect 

the normal  to the  olane of the   iynode.    ]r rleriving Fa  ('!-.),   \i-~   Assurm4ion war 

i..'.r. tnat thf  initial -mission velocity of secondary electrons is negligibly small 

co»npcV~v'  '■(■  tiaair a-'«»'age velocity between stages. 

The resulting limiting resolution of tie secondary electron Linage 5s obtai"--^ 

by combining the lateral spreads and  is er.pres&ea by: 

\    ■ 1  (line pairs) (5) 
2 (p ♦ X) mm 

Fig 79 shows  a stetch of the parameters involved. 

2^2 



where 

t- and t       ■    flight  times of penetrating and secondary electrons 
i SO 

respectively 

B    ■    magnetic  flux density 

V    ■    stage voltage 

T        ■    velocity component of the electrons in the direction of 

the axis  of penetrating electrons at the penetrated film 

d    ■    inter-stage distance 

e and m are the electronic charge and mass 

It is seen that this  ratio depenis on    v    ;  that is, the mean energy and the 

scattering angle of the penetrating electrons.    For a scattering  angle in the 

order of 20-30° and an average energy of 0.6 Ep after penetration (Ep is primary 

energy) the completed angle  is such that the  radius cf the resulting circle  cf 

confusion, produced by the primaries,  is in the same order of magnitude as the 

radius  (r) of the circle that the fast electrons travel in the plane perpendicular 

tc  the tube axis.    The  area of the circle of confusion is approximated by 

2  _     - ,r, "is2 ft) 
oy W.r     '     *(*<*    W& 

or with voy    -    vosin <?     ud WQ      «   OC       ;p ?gfc , where Vat is  the stage voltage 

and     c<     the average energy of the  penetrating electrons   relative to the priir^ry 

energy: 

rr 

Tr: :=   roc  2~-  sin2 qj -^ 
0 ($; 

Introducing the   focal condition wh:ch establishes the  relation between stage 

voltage and magnetic   field 



■     ~ ,2 <■  e   ' vst 
(6) 

where    k    is the number of revolutions per stage, one finds 

k2ir 
(7) 

Since we assumed for the  sigml spot size f ■ -— , where     R    is the  resolution 

in line pairs   per mm , we might replace IT  by h and find for the  ratio of the 

signal spot area to area of the halo. 

r 
A- k 

R2 d?"oc sina<? 
area of signal 
area of halo 

(8) 

Because the stage distance    d    and the  number of   revolutions    k    is a constant 

for a given tuba we write 

x 
F R   « sin 2 <p 

u c     4k 
where     £> -   J 2— 

(9) 

The   ratio of the brightness in the signal snot to the brightness in the surrounding 

halo for a sinplft point is 

B H N hale 
iBe  /       point N£ F 

(n-l) JhA,   + |i 
R2oCsin2q> 

rdo) 



With the help of Eq  (10) the contrast    c    of the signal spot to surrounding 

neighborhood can be found 

c , Bs   ~BJL   -   i   - la_ (ID 
% 3S 

Substituting in Eq  (10) the values for a h stage tube: 

n • Uj 7   - 0.?; S   - S    - 5 S     «     0.08   -L 
1 * * mm 

> 

°<- - 0.6;     sin2 9        = 0.2; R - 10      lp/i nnn 

we find 

BH -3 
—        ^     10 ' or the contrast is practically one for a reproduced 
BS 

single spot. 

Estimating the  contrast in the  neighborhood of a single  line, one  must 

consider the fact that the brightness of the  overlapping halos of neighboring 

points adds up and thus the  contrast decreases.    The number of "halo disks",  P, 

which add up in the immediate neighborhood of a single line is given by the   ratio 

of halo diameter,  2r, to signal spot diameter, — . 
R 

p    _    -2 E     ,      or with Eq  (7) 

(12) 
R d   Z   am <p Joc„ 

7T V   K 

To find the brightness ratio for a line, Eq (10) must be multiplied by    P: 



line 
n-1 J2L£L ♦ £L1 

61                  bj fC R sin. (P     y     oc (13) 

Using the above stated values for a  four stage tube,  the  ratio is 

_£ \ *   2 x 10"2 

\h line 

The  ratio for two parallel lines which can just be  resolved will be about 

twice as much as that given in Eq  (13).    The brightness of halo will continue to 

increase  at a rate  less proportionally with   the increase in the number of lines 

added in the immediate vicinity of a given line.     The  assumption that the brightness 

ratio will not be more than about 10"^ for a set of 'just resolvable narallel lines 

should not be too far from the  actual situation-     The contrast for two crossed sets 

of just resolvable lines then is not much  less  than 0.8. 

It should be mentioned once more, however,   that these  results are only 

estimates, since we considered only the most important group of penetrating 

electrons,  namely, those which have nenetrated a  film once.     Those electrons which 

penetrated more dynodes will give   rise  to a decrease in the  abovo contrast figures. 

Also, electrGiis b*ok scattered from a film will introduce additional background 

brightness.     Because of  this  complexity it is difficult tc account for the effects 

of all thesa "background"  electrons in a reliable way.    An experiment must give the 

answer. 

Nevertheless the equations developed here  show the  important factors involved 

in the contrast of an image.     Particularly Eq  (13) shows that for good contrast: 
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Let us assume a fine-mesh screen dynode with a 750 wire per inch structure. 

Inferring to Fig 3, we can adjust the  retarding field in front of the  first dynode 

to limit the lateral excursions of the  secondaries so thst electrons emitted at any 

mesh bar at an angle -9 equal to U5° will return through the immediate adjacent open 

areas of the screen.    For the  750 wire per inch structure selected,  this  lateral 

spread is approximately o03h mm with a corresponding retarding field of 2U0 volts 

per mm.    Combining  the assumed lateral spread of two mesh bars widths in tho 

retarding field region with the inter-dynode stage  spreads shown in Fig 81,  the 

resulting resolution of  the image formed at the targ6t of a single stage tube is 

shown in Fig 82,  as computed with Eq  (J>),    Fig 83 shows the calculated resulting 

resolution of a single stage tube when no field control mesh is used.     Comparing 

these two curves,  the need for a field control mesh preceding the first dynode 

becomes evident.    Also apparent is the necessity for very close inter-dynode stage 

spacing for electrostatic  focusing of the secondary electrons. 

Thus far it has been shown that a retarding field control me sh in front of the 

first dynode servos the purpose of providing a means of reducing lateral  spread. 

Let us now consider secondary electron trajectories at subsequent dynode  stages. 

As was shown from Eq (3),  to limit the lateral excursion of secondary electrons 

emitted at the  mesh bars of a 750 wire per inch screen to the immediate adjacent 

open areas  requires an electric field intensity of approximately 2l|0 volts per mm. 

If the inter-dynode stage spacing was increased to the extent where this   field 

condition existed while maintaining  a reasonable dynode primary voltage,   the 

lateral spread of secondari.es would impose a serious limitation in resolution.     It 

has also been demonstrated that very close dynode spacings result in low electron 

gain, due to the high   retarding field gradients in front of the dynodes preventing 

the escape of secondary electrons from the dynode surfaces through the  open areas 

of the screen.    To maintain the close inter-dynole stage spaclngs required for ^ood 
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resolution and yet establish the low field gradient in front of the emitting dynode 

in order to obtain high electron gain, a field free  region is established in the 

near vicinxty of the dynode surface.    This  is accomplished by locating a high 

transmission screen in front of and very close  to the dynode surfaces subsequent to 

the first dynode and operating each  screen at the corresponding dynode potential. 

This  results ir an increase in la^?ral spread at the surface of the dynodes beyond 

the width of the mesh bar, permitting the transmission of secondary electrons 

through adjacent open areas of the screen, thereby producing an increase in gain. 

Using this technique, electron gains as high as 6 were obtained.    It is clear that 

the spacing between this field control mesh and the  surface of the dynode becomes 

an important factor in the determination of the  resolution capability of the dynode 

stage. 

Shown in Table I are the overall  system resolutions computed from Eq (£).    The 

dynode in this  theoretical design consists of a fine-mesh  screen with a structure 

of 750 wires per inch.    Where a field control mesh is employed,  the initial lateral 

srresd of the  secondary electrons  in the   retarding field  region is  assumed to extend 

oxily two mesh ^ar widths, where the angle of emission is ii5>    with respect to the 

noma]   to the  mesh bar,     As described previously,  thi3 lateral spread is determined 

by oli_-   field   :sn*vrol »pb located  In front of each dynode.    The lateral spreads 

occurring in the   Inter-dynode '"t-,^-.-, saA in the final dynode to target stage are 

computed for various assumed snscings. 

Table II  shows the  computed overall system resolutions with Btage spacings 

approximating those used  in constructed tubes.    With the exception of the increased 

stage  spacings,  the  assumed conditions are as described for Table I.     It will be 

observed that this design gives a marked  reduction in overall  resolution compared 

to the close-spaced tube In Table  I, 
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iteferring to Eq  (2),  it is seen that the initial lateral spread of secondary 

electrons emitted from the front surface of the first dynode is  inversely 

proportional to the retarding electric fiele* in front of the dynode.     Using a 

typical operating voltage of 500 volts between the photocathode and first dynode, 

with a stage spacing of U2.5 mm, the   resulting diameter of the circle of confusion 

is 0.68 mm.    This value is computed for an emission angle 9 of h<° corresponding 

to a condition of maximum lateral spread fit the  originating surface.    From Eq. (3) 

we then obtain a limiting  resolution of 1,5 line nairs per nan.    Two methods could 

be used to  reduce this  lateral spread of secondary electrons.    One method would be 

to increase the  retarding field in front of the first dynode by increasing the 

photocathode to  dynode voltage.    However,   the required large increase in voltage 

would result in a decrease in the secondary emission yield for the  materials 

investigated.     The  second method, which we have tried experimentally, involves the 

insertion of a field control mesh located in front of and close to the first dynode« 

A hi^h  retarding field can be established with the  application of a relatively low 

potential on the control mesh,  resulting in a reduction in lateral spread at the 

surface of the dynode.     Fig  80 shows graphically the lateral spread at the surface 

of the first dynode as a function of retarding field intensities computed with 

Eq  (2). 

The inter-dynode stage  lateral spread,  however, cannot be ignored.     In fact, 

the lateral spread between dynodes can be  the limiting factor in deteTwining 

resolution.    The lateral spread between dynodes as a  function of stage spacing and 

accelerating voltage is plotted in Fig 81 as computed with Eq  (U).    The  angle   oc 

with which the secondaries enter the accelerating field,  is  taken as U5°.    This 

angle does  not necessarily give the  maximum lateral excursion, but is selected so 

an to correspond with  the  angle of emission of the secondaries  into  the  retarding 

field which was chosen to give maximum spread at the Diane of the dynode. 
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