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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 camere tube for
obtainirg useful images at extremely lc. levels of illumination.

An analysis of television camera tube 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 fluctuationa of the input signal. Various
means of intensifying the picture signal electronically, before the scanning
process, are described.

Image amplification approaches investiguted include the use of front surface
secondary electron emission from solid members, in order to retain the feature of
low voltage operation. The feasibility of applying the principle of transmission
secondary elcctron emission by the use of thin 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. 1In addition,
a means was invented and shown to be feasible for minim'~ing spurious signals in
pickup tubes when viewing scenes with extremely high contrast.

The research has, therefore;, accomplished its objective of supplying tis
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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GLOSSARY

anisotropie conductivity - exhibiting different electrical conductivities

along lateral and transverse axis of a dlelectric target storing electriec
charges,

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

chromtic aberration - variation in the focal length of an electron lens
caused by a variation in electron emergy. Analogous to chromatic
sherration 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 varlation in focal lengths,

contact potential - small potential diffurence existing between the surfaces

of two dissimilar metals in electrical contact, arising fram the difference
in work function o 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 photoemissive surfaces, the dark current arises from thermionic
electron omission of the surface, while in photoconductive surfaces it
arises from the semi-conmducting nature of the surface.

dynode - electrode structure exnibitling property of secondary electron emission
when bombarded by charged particles and thus capable of effsctirg amplification.

ebicon - television camera tube in which an eiectron image is produced by a
photoemitting cathode and focused on an electron bambardment induced con--

ductivity target which is scarmned on its opposite side by a low wvelocity
electron beam,

electrical transducer - device for converting power fram one system into ancther
systen.

front surface secondary electron emission - condition in vhich secondary electrons
are emitted on the same side of the bombarded so0lid 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:

L & P oxp - Kr*

where: /~ 1is the current density .
K 1s the distance from the electron beam axis

halation - phoncmenon observed in an image orthicon in which a small bright image

area in a darker background 1s surrounded by a dark ring and an outer bright
halo,

xiii



image aorthicon - television camera tube in which an electron image is pro-
duced by a photoemitting cathode and focused on an insulating storage
target, which 1s scanned on its opposite side by a low velocity elsctron
beam. Scanning beam electrons specularly reflected at the surface of the

target return to a secondary emission multiplier structure and thence to
ancde of tube,

integration time - time during which eignal in farm of electric charge is
being accurmulated and stored on target plate.

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

Johnson Koise - the noise produced by thermal agitation of charges in econductor.

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

E (v) = 47N i 3/2 v2 exp :m__V2

2 7kT 2kT

vhere: X (v) 1s the mmber of electrons with velocities between v and
v+dv; N, the tctal mumber of electrons; m, the mass of an
electron; k, Boltzmarm's constant, and T the absolute temperature.

paraxial ray - a ray which makes a very small engle with the optieal 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 radiatiom.

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

raster - in television, a predetermined pattern of scamming 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, defimition, and contrast
" of Lelevision 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 ome secondary electron, thereby resulting in a multiplication
process.



sensitivity - the signal current developed per unii incident radiation density
(i.e., per wvatt per unlt 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 vhich secondary electrons
are emittad on the far side of the bombarded salid opposite to the side firat
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 in which an electric potential image is pro-
duced by a photoconductive cathode which 1s scarned by a low velocity electron

beam. Changes in potential at the photoconductor swurface giwes rise to an
electrical signal.

work functioa - the energy needed to remove an electron fram the Fermi level to a
point outside the surface, an infinite distance away.,



SECTION I
INTROUCTION
This work was undertaken et the request of the Jright Alr Development Center

to deternmine through research a basis for subsequent developuent of an optical to
electrical transducer or television tyre pickup tube for obtaining useful images
with extremely low levels of illumination., although the initial statement of work
was broad, and a general survey was mace of the possible approaches to Lore sensi-
tive optical amplifiers, the detailed course of this research was guided through
frequent conferences between the contructor's scientists and the air Force Task
Scientist. In particular, the topics investigated under this contract were chosen
so that they did not duplicate work being performed in other laboratories, and the
choice of approaches was made after considerin; tne ultimete application of any de-
vice which mignt be developed as a result of this research. Hence, ruggedness,
compactiness, 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 aprroaches investigated included uce of large aree input phetocuthodes in
conjunction with suitable light optics to collecl as large a number of light quanta
as possible, and subsequent demagnification ot the electron image to concentrate
this information for easier detectability. Also investigated was the feasibility
of reducing the energy spread in the scanning beam to minimize noise sources within
the tube. Imaging pre-amplifier structures were used to intensify tne picture sig-
nal electronically btefore the scanning process, in which front surface secondary
emission from solid members was used to retain the feature of low voltage operation.
A means was invented and shown to be feasible for minimizing spurious signals in

pickup tubes when viewing scenes with extremely high contrast. rinally, end most

successful, the rhenomenon ol transmission secondary electron multiplicetion in thin



films, invented and developed at the Jestinghouse Research Laboratories, has been
used in the design of an imaging preanplifier to complement the structure of the
image ortnicon, tne most sensitive camera tube in general use today. as shown in
the body of this report, experimental tubes assembled using this approach have had
pre-amplifier gains of 25 with an added tube operating voltage of only 7000 volts,
and have reproduced pictures with 500 T.V. lines per inch resolution at the photo-
catihode and 5 shades of grey. Tne research has, therefore, accomplishea its ob-
jective of cupplying the baesis for the develogpment of a new type of scanned optical
anplificr, having a sensitivity and resolution potentially tetter than that obtain-
able trom s#ny standard camera tube, ana also from those developmental tubes with
which we are fwuiiliar. Especially important is the fact that this type of pre-
am,lifier coula in a subsequent tube development be combined with a sensitive multi
alkali-photocathoce, with a speciul thin film charge storage element or target with
high secondary emission gain for improved sensitivity and improved resolution and
integration, anc with alternate methods of electron beam scanning for improved sig-
nal to noise ratio and wicder dynamic range. Jigure 1 is an outline drawing of a
tube which was described in a rroposal subtmitted to the klectronic Technolo.y Labor-

atory of .right air Levelopuent Center as an outgrowth of this program.

In the body of this report, the first section is a general description of the
y,cration ot present day television camera tubes and their performance limitations.
In particular, the rrinciples of operation of the image orthicon, the most sensitive
television camera tube in general use today, on which most of the experimental ap-

;roaches were based, are reviewed.

Tne second section discusses the limitations to "seeing", or image forumation

at low light levels imjosed by the quantum nature of light and the randomness of

fhoto electron emission. This section is necessary to explain why certain approach-
es were followed, and to estimate the ultinate limits set by ‘natural laws which will



linit 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 experinental approaciaes taken, the degree of
success achieved, tne reasons why sonme &,y roaches were droyred, and mathematical
analyses where appropriate. 4n attenpt has beern made to be reasonably couplete so
tnat other workers may vuild on the results ol this work rather than starting from
the beginning, if they decide to investigate further sowe ot tne approaches which

we nave dropped or snelved in favor of more promising avenues.
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<oCTION II
FaluaCIFLbs 08 TLLiVISION Calwka TUBL CHERATION

1. INTROZUCTION

The basic purpose of a television camera tubte is to translate the information
contained in an optical image into an electrical signul suitable for transmission
over a transmission line or radio link. To do this, tne tube must perform at least
two basic functions. £first, a photosensitive menber is used to trunslate the
brightness pattern in the optical inage to a corres.onding electrical pattern.
Second, the intensity of eaca small area of the electrical image is measured in turn
to generate an electrical signal whose amplitude varies in time; the tyre oi signal
Jhich cen Le transmitted over a distance. This scanning process may te considered
as a tyre 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 generated is nomally fed to a vacuum tube or
transistor amplifier, then through the airropriate circuits for troadcest of wire
transmission., Feside these two essential functions, all modern camera tubes contain
at least one and frequently three other functions., These are, respectively, a
provision for tne accumulation and storage of electrical picture information ahead
of the scenning process, always included; a provision for amplificetion of the
electrical image information anead of the scanning process, often inclucea; and &
provision #ithin the tube for electronic amplification of the television signal te-

fore it is5s fed to the vacwum tube or tne transistor video emplifier.

because cacn of these five functions may te performed in verious ways, und be-
cause severeal desirable combinations exist, tnere were a number of camera tubes in
use or under developt.ent at the time this research was begun. The most pcpular

tubes were variations of tne vidicon, in which the intitial transformation from tue

optical to electrical iiage is accomplished with a thin photoconductive layer which



also rrovides tne image storege function, end the inage ortnicon, in which & photo-
emicssive surface provides tne initiel transformation ané image storage is eccom-
rlished on & separate charge storage element kno.n es tue terget. The chief ad-
vanteges of the vidicon are small size and operating simplicity. The inege
orthicon, while larger and requiring niore com;lex equipment is fer more sensitive,
having the ability to generate quality television signals frow a scene illuminated
by moonlight. Tubes under development in various laboratories during tae contract
period from lrarch 1956 to August 1959 included tue image isccon, tae intensifier-
image orthicon, the electron multiplier vidicon, the ebicon, the image orthicon
with secondary emission image emplifier, iiiage orthicons in waich aigh gain was
achieved by iwproved seconuary emission from the target, end modifications of these
types for ruggedness, higher output signal, or other sgecial orerating feetures.

To understanc the advantages of each of these cemera tube variations, theix
orerating limitations, anu the airections in which improvement can te made, one
wust first understand the operation of the two basic modern camera tubes, the viai-

con and the image orthicon.

a, Tae Vidicon

The vidicon, the simplest of modern camera tubes, is pictured in Figure 2. 4
cross section view of the tube, which indicates the essential parts and the manner
of connection of the electrical outjut signal to the video anplifier is shown in
figure 3. A camera lens is positioned to form an inverted real optical i..age of the
scene to be televised on the photoconductive coating on the inner surfece of the
glass face. Thne piaotcconductor, often antimony trisulfide or eumorpnous selenium, is
a fairly good insulator unless exposed to light. when light falls on the thin layer,
charge carriers are formed within the filin et a rate wnich is a function of the in-

tensity of illumination at each point. 4 potential difference is maintained across

tne photoconductor layer during tube operation so that these charge cerriers give



rise to en electric current through the leyer wiich veries from point to point as a
function of image brightness. If a fixed rotential is apylied to the front or

glass side of the photoconductor, enc a different, say more negative, fixed poten-
tial is initislly applied to the beck or free side of the pnotoconductor, this flow
of current tiarough tne layer will soon give rise to & voltage pattern on the free
side, in wnicn more positive areas will corresyond to brighter areas in the picture.
The process may te visualized by considering the photoconductor as if it were divid-
ed into & large number of small eress, each as small as the finest detail we intend
to rerroduce in tne picture, Juch imaginary smell areas are known as picture ele-
wments. Lach element may, as iudicated in Ffigure 4, be thought of as consisting of

a

[¢]

apzcitor, having as its plates tne front or olass surface and the free surface

of tie layer respectively, anc as its dielectric the materizl of thelayer. This
elcmental capacitor is shunted by a resistor wnose velue is very lar.e when the ele-
ment is unillumiinated, but which decreases in resistance as the illwuination is in-
creased. At tae beginning of each picture taking interval, or frame time, each ca-
pacitor is cnarged to a fixed potential difference. During each picture taxing
interval, tais cnarge leaks off through the suunting resistor ut a rate dependent

on tue illumination. The front or gless sides of the elemental capacitors are kept
at a comuon essentially fixed potential, since the inner glass surface is coated
with a transperent electricelly conductive coating, usually tin cxide. This coating,
which forms the signel output electroue for the tube, is connected to a power supply
tarcugh a load resistor, as shown in rfigure 4. At the beginning of & picture taking
interval, the free side of each elemental capacitor is charged to the same voltage,
more negative than the signal electirode supply voltage. 4t the end of a picture
taking interval, each elemental capecitor will be partiaelly discharged ané the dif-
ference between the voltage found at its free terminal and the initial voltage will

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



Figure 2. 7325 Vidicon
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This geometrical pattern of a voltage varying as a functiorn 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 reading the signal
from the storagze 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 300 or more volts as they pass through the electroaes labeled G, eand
G}, and are focused under the influence of an axial magnetic field supplied by the
focus coil to strike thc free side of the photoconductor in a small area or spot.
The electrons are decelerated in the region beyond the field defining mesh Gh’ to
strike the rhotoconductor with an energy of only a few volts. &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 te produced. The energy of the beam electrons reaching the surface
will depend only on the difference in potential between the free surface of the
photoconductor and the thermionic cathode in the electron gun. It is necessary for
normal vidicon operation that 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 that the free surfuce of the photoconductor never reaches voltages so positive
with respect to the cathode that the number of secondaries exceeds the number of
beam electrons, the potential of the signal elcctrode or conductive bucking layer is
made only a few tens of volts positive with respect to the gun cathode. If the

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

charge the free surface of that elcment negatively with respect to the signal
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electrode supply voltage. Electrons will continue to land until tne 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 work function and of contact potential differences. At thiz point. it becomes

energetically linpossible for more electrons to reach the target surface.

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 antcher, in
a geometrically fixed scanning pattern. In normal entertainment television practice,
scannin;; of the entire picture is accomplished once in each 1/30 second. Thus the
beam lands on any one element very briefly and only once in 1/30 second. If the
beam is made to scan the entire target surface several tiues while no light is fall-
ing on the photoconcuctor, all of the elemental capacitors will be charged to the
voltage difference between the signal electrode voltage and the cathode, anu essen-
tially no further beam electrons will reach the target. If light is allowed to fall
on a picture element irmediately after it has been scanned, the potential difference
across that elemental caypacitor will drop at a rate depending on the illumination
level until the beam returns 1/30 second later. lany beam electrons can now land on
the illwninated picture element. The beam current is normally set to a relatively
high value, so 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 rezdy to receive more information. Since
the electrons landing on the element arrived in a very short length of time, the
current pulee they constitute is coupled to the signal electrode by the capacitance
of the element, und aprears as a pulse of current in the signal electrode lead, and
hence as a voltage pulse across the load resistor which is fed to the video emplifi-

er. Je have considered a cuase in which only one of the elements was illuminated.
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In practice, the whole photoconductive area will be illuminated with the image of
the scene to be televised. Thus some of the beam will land on each of the elements,
more onL those which have been more brightly illuminated, and this landing current,

coupled to the signal Jead, constitutes the video signal,

It is important to note that the signal read from each element is a function of
the average light intensi;y falling on that element during the preceding 1/30 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 photoconductor in one
short pulse during a frame time by use of a camera shutter or possibly of a pulsed
light source to illuminate an otherwise darkened scene.

Since 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 sny other camera tube, to follow motion which takes place in a time shorter

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

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

The vidicon type camera tube whose operation has just been descrived, is very
simjle and operates in simple equipment. If suffers from limitations which at prese
ent restrict its usefulness, These are low sensitivity when compared with other
camera tube types, and lag, that is inability to follow rapidly changing scenes be-
cause the act of scanning does not completely erase the inage inforuation stored on
an element during the preceding frane.

To understanc tne sensitivity limitation, we wmust consider the input circuit of
the video am;lifier, into which the signal is fed. It cun be shown for a well de-
signed low noise viceo amplifier using an unjeaked camera tube load resistor circuit,

but in which the gain versus freguency curve of the entire system is equalized ut a
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later stage, that a spontaneous fluctuating signal will appear at the euplifier
terminals wnich is caused by electronic motion in the camera tube load resistor.
Known as "Johnson noise® this fluctuation could only bte reduced by operating the
resistor in a cryostat at a very low temperature. Calculations based

on fundamental thermodynamic considerations show thet this Tluctuation signal has
an equivalent Kl value of about 2 x 10-9 amperes. Since it is always present,
this flucéuation or noise signal sets a lower limit to the current signal from the
camera tute which will produce an intelligible picture. Although detailed studies
described in a later section indicate that the hwnan eye can detect & ricture when
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 the
liznt level is recduced so that its output signal current is in the order of 106-9
amperes.,

Thus any attergpt to improve the low light level performance of the vidicon de-
rends on increasing; the 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 acconplishing this. First, the scanning stancards may be changed so that a
ficture is read out only every tenth of a second, or every second. In this case,
rere light energy will have fallen on the photoconductor and a larger signal can be
rroduced, althoush at the expense of a lessened ability to detect motion. Second,
and more desirable, the photoconductive leyer may be modified to improve its effec-
tiveness at translating energy into an electriccl charge pattern. Unfortunately,
the physics of the photoconductor are such that increased sensitivity is most easily

btaincd at the exjense of incomplete erasure during the scanning process and hence

of decreused ability to follow rapid motion.

ine action of the photoconductive layer may be visualized approxii.ately as fol-

lows. In the dark, very few charge carriers exi-t in the layer. /hen light falls
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on the leyer, the energy of some of those light quante which are absorted is trans-
ferred to electrons within the layer, raising them to the conduction band and usual-
ly permitting both the electrons and the vacancies or holes they left behind to niove
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 the more positive

signul electrode.

It was expected in accordance with this explanation that if a given number of
light photons were absorbed by the surface in a given tine, a current equivalent to
a somewhut smaller numter of electrons would be conducted through the film., actual-
ly, under some circumstances, the charge transferred was equivalent to a number of
electrons larger tnan the number of photons. This apparent inconsistency is explained
by reuasoning that if a charge carrier leaves one side of the semi-conductor layer,
another may be injected to take its place. The gencral relation characterizing photo-
conductivity can be expressed as n = ft. The relation between the current flowing
through tne layer and tne nwaber of charge carriers creasted is:
i = neuk
where:

f is the nwaber of charge carriers created per second per unit
volume by the incident radiation

n is the stewudy state increase in the density of charge carriers
created by the incident light flux

t is the life time of the carriers
e iz the electronic charge in coulonbs
u is the mobility of the carriers
E is the applied electric field
It is important to note that t, the life time, may te several tines as long as
the tine necessary for a given charge carrier to pass through the layer because of

the probability that another charge carrier will be injected to taxe its plece. It
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is customary to orerate a vidicon with as high an electric field, E, across the

layer as ;ossible in order to maxiinize the signal current. Under the control of the
physicist developing the layer are the guantities £, u, and t. For 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 approaches to incrase vidicon sensitity

can 1108t easily be made at the expense of increased lag.

Jhether pecause of the injection of additional charge carriers at the electrode
surface or because of the transit time of carriers through the photoconductive layer,
no modern vidicons can be operated at normal television scanning raetes in such a man-
ner that totally new information is presented at each 1/30 second freame time. Nor-
mal testing procedure for these tubes call for imaging a stationary scene, enc for
reroving the illumination abruptly after statle 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 ideal tube. In normal testing,
the amount of signal remaining on the third field is checked as a measure of per-
sistence, und figures of 20 to U40% remunent signal compired to the initial steady
state value are coumon. On the other hund, certain vidicons operated in slows scan
service, in which the tute mey be flash illwyminated anc then scanned after a period
of several seconds, show m¢;h more complete erasure of information during read out,
indicating that the transit time of the charge carriers contributing to lag through
the photoconductor may be the most significant factor. The lag or persistence phe-
nomena triefly described here are far nore pronounced at low light level., The rema-
nent signal :p;earé to follow a decay curve with a large initial slope which changes
to one with a long time constant for low level signals. This can probubly be ex-~

rlained in terms of the effects of shallow traps within the photoconcuctor which

Till during exposure, but empty gredually, releasing carriers for sowme time after

the exposure is conplete.
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Despite its small size and technical end operational simplicity, the low sens-
itivity obtainable from the vidicon and the lag effect just described made it rela-
tively undesireable as a starting point for research on camera tubes intended for

high sensitivity applications.

b. The Image Orthicon

The second popular camera tube today is the image orthicon. Invented at the
R.C.A. Laboratories during World Wer II, it was first described in an article,ﬁfThe
Image Orthicon -”A sensitive Television Pickup Tube", by albert Rose, Paul K. Weimer,
and H. B, Law, published in Proceedings of the I.R.E. 34 - 7 - h&4, in July, 1946,
Its primary advantages are its great sensitivity, its ability to acconmodate rather
wide variations in illumination level without saturating, and an action which tends
to overpeak white to black transitions to meke the picture appear crisper than on
other types of camera tubes. Its disadvantages are related to the second anu third
advantages. 4althouph 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 not faithful for brightly lighted scenes. further, the electron redice
tribution effect, which accounts for the crispening of white to bleck transitions,
also results in the generation of spurious signals in some types of operation. 4lso
1 disadventage are the large physical size of the tube and of its associated compone
ents, the complexity of the associated circuitry, end the numerous adjustments which
must te made anc maintained to keep tube and camera in top operating condition auring
a telecast. furtner, one major tube elem.nt, the storege tarqet, represents a com-
promise design for normal 30 frame per second entertainment television scenning
standerds, so that the standerd H820 or 7190 image orthicon is basically unsuited
for slow scean applications. To understandé the reasons for these limitations, and the

directions in which the design of these tubes ney be improved, one nust consider the

yperation of the image orthicon in detail,
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»8 shown in Figure 5, a lens, positioned to the left of the tube is used to form
an optical image of the scene teing televised on the photo emissive leayer which has
been deposited on the inner surfaceﬁof the optical guality faceplate at the left end
of the tubte. The function of this layer is to transform the optical image into a
corresponding electrical image by emitting electrons to the right into tne interior
of the tube wnen light fells 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 tihrough the application of u potential
difference of several hunared volts between the photocathode und a thin copper mesh
located about 1.0" to the right, and an axial magnetic focusing field is supplied by
a solenoid winich surrounds most of the tube. The distance between the photocathode
anc the mesh and the voltage difference applied between them are so chosen that
electrons which leave the photocathode 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 turget located just beyond it. Thus,
to & 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 racial
velocity component will describe larger loops, but since all electrons will require
the came tinme to describe one loop, whatever the size, all will converge as they ap-
proach the target. Llectrodes designated as G6 und target support cup in Figure §
are supplied with proper voltages to set up a reasonably uniform electrostatic ac-
celeruting field in the region between the photocathode uni the mesh. 1In practice,
both the magnetic and the electrostatic field lines itend to flare clightly toward

the photocathode so that both fields ere weaker in this region.
I [

The electrons passiag 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. lost of these secondaries are collected by the mesh,
which is normally maintained a volt or two positive with respect to the surface of
the glass target. ience, after a short period of time, a positive charge pattern
will be set up on the target, in which more positive areas will corresjpond to

brighter areas in the optical image.

The resr or right hand 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. 4
beam of electrons orisinates from a thermionic cathode whose potential is close to
that of the surface of the glass target. The electrons are accelerated toward the
target by voltage applied to electrodes labeled G, G3, and Gh’ and focused by the
axiaul magnetic field from the focusing solenoid. In the region just to the right
of the target, the beam passes through a decelerating tield caused jointly by the Gh
or wall coating electroce, Q5 or cecelerating ring, and the target itself. If the
target is negative with respect to the surface of the cathode from which the elec-
trons originat.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.
Tacse statements ignore the effects of electron emission velocities, contact po-
tential differences, and work functions or electron affinities. The beam is caused
to scen tne terget surface by the application of two sets of magnetic deflecting

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

Those elecirons which do not land, or which are reflected as they strike the
target surface, are momentarily stopped near the right hand surface of the target in
an electrostatic field which acts to urge them back toward the electron gun at the
right e¢nd of the tube. These electrons will be refocused by the solenocidel magnetic

field, btut the influence of the second pessage 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 inTformation.

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 seconaary electron emitting electrode, the end of the gun
structure is covered with a metal cap, dynode #1, which has been ~oated with a sec-
ondary emitting material such as beryllium oxide, chronium oxide, or aluminum oxide.
A very smell 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 500 ana 1500, The output current
is closely proporticnel to the current in the return beam,

To understand the operation of the inage orthicon, assume that the electron beam
is caused to scan the target in a standard television scanning pattern while no
light falls on the photocathodes Electrons will be deposited until the target sur-
face has been uniformly charged to a potential equal to or just less than that of the
thermionic cathode and the entire beam is being returned to the electron multiplier.
iext assume thut an element of tne photocathode is illuminated 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 the target element and are collected by
the mesh, which was initially set to be a few volts positive with resypect to the
dark potential of the target. During the 1/30th second before it is next scanned,
therefore, the target element is charged more positively, approaching the potential

of the collector mesh at a rate depending on the brightness of the corresponding
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photocathoce illumination. «hen the electron beam returns to scan the element,
charge is deposited on the element to restore the scanned surface again to gun cathe
ode potential. Therefare, during the instant that the beam scans the element, the
beam current returning to the multiplier, and hence 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 photocathode
illumination at the corresjonding element.

Normally the entire photocathode is illuminated when & scene is imaged ujpon it.
In this case the charge with respect to its dark potential which each element of the
target acguires between scans is, for low light levels, proportional to the bright-
ness of that element of the scene, and the current in @he return bean is correspond-
ingly reduced as that element is scanned., This return beam current from the scann-
ing beam therefore carries a signal verying in time corresponding to brightness vari-
ations in the piciure. Amplified by the electron multiplier structure, it is fed to
the video amplifier and to suitable transmission circuits.

To understand the limitations of thie tube this first order explanation of image
orthicon oreration requires some refinement:

1.) The 3ignal Transfer Characteristic

Curves showing typical output video signals as a function of photocathoce il
lumination levels for three types of imaege orthicons ere shown in Figure 6. In tak-
ing data for these curves, the mesh potential was set to be two volts positive with
respect to that value which caused the picture to disappear bty preventing beem elec-
trons from landing. 4s indicated above, tne output signal is essentially proportion-
al to the injut illumination for dimly lighted scenes. At these illumination levels,
each target element acquires a small positive charge dauring a frame time, but its
potential immediately before scanning is still ajrreciably more negative then the

collector mesh, as the illumination level is increased, however, the voltege swing
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of an element between scans apjroaches the mesh potential more closely, and the ef-
fectiveness of the mesh for collecting secondary electrons is reduced. Thus an in-
creased flux of photoelectrons Goes not produce a corresponding increese in the
rositive charge pattern stored on the target, and the slope of the transfer curve de-
creases. for tubes like the 7198 with comparatively wide target to mesh spacing, in
the orcer of .,100", tne ciuange in slope of the transfer characteristic is gradual.
For tubes with small target to mesh spacing, .002" for the 5820, .0005" for the
o474/18%,, the slope changes abruptly from a proportional region to one in which the
signal from white objects incrcases elrost not at all as the illundination is in-
creased, This point of sharp transition is known as the knee of the transfer charac-

teristic.

Although the transfer characteristic for the 5820 end the 6474 indicates nearly
complete saturation, the reproduced picture of a scene containing a number of bright
areas all of which are over the knee shows a brightness difference between thnem.
Tais rataer surprising result is caused by the redistribution back onto the target
of secondary electrons wnich are not collected by tie mesh. The secondary electrons
from t.e brightest area fall back on that area but also on all otner nearby regions
of the target. Thus if two adjacent bright areas are botn over the knee, the larger
current of reaistributec secondaries from the brighter reduces the signal current to
thie less btright area, especially near the line of demarkation between them. Since
the eyc is very sensitive to cinanges in trightness across & dividing line, but not
to gredual caanges in trightness, tie observer sees several siaces of grey in the

re;jroduced yicture even though all grey areas by themselves are over the knee.

The redistribution of secondary electrons frou a high signal aree on the photo-

cathode sice of the target elso tends to reduce the signal frow adjoining darker

areas even though none of them are over the knee. This effect, which becomes stronger



if the trighter object is over the knee, produces an artificiael crispening of black
to vhite transitions und an impression of imjroved rescluyion in the reproduced
ricture., 3ince this 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 xnee. This mode of operation also improves the signal to noise ratio

in the darker parts of the disgplay.

Altnough these secondary electron redistribution effects give a2 desirable ef-
fect in some circumstances, they are undesirable in many others. For example, a
single very btright object in a scene can obscure the inforae tion in surrounding din-
ly lishted ereas by charging the corresponding target elements negative to black.
This appears as a large black halo around the reproduced imgge of a tright spot.
The seconcary electrons from a positively charged bright area on the target can
charge surrounding areas relatively negative because the average emission energy of

the secondaries is of the order of two electron volts.

A typical charge-cischarge cycle for a tarpet element in a 5820 or 629 is
shown in figure 7., As indicated, the charging rate between scans is proportional to
the light level, and constant with tire until the target element approaches mesh po-
tential. For a lerge erea of constant illumination, the target and mesh cun be con-
sidered like a planar diode. Ffor normel light levels, the initial diode current im-
mediately af*ter a scan, when the target collector voltage is approximately two volts,
is essentially emission limited and hence proportional to the photoelectron current.
As tae target approaches mesh potential, the collection current decreases, partly be-
zause of space charge and partly because of the poor collection efficiency of the
mesh for seconcary electrons whose emission energies may considerably exceed the

target to mesh voltage at this time. igure 8 snowWs typiczl paths for some of these
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Migh energy back

scattered electrons
return to target
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Some electrons strike mesh
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Mesh C DO

Some electrons strike/’, /
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Some electrons miss mesh
and return to target —

Target

.
OVOLTS  h S B — —_— o vorTs

Mesh at O volts with respect Mesh at 2 volts with respect

to target. Very weak field at to target, Field at mesh bends
mesh results from voltage at secondary electrons toward
photocathode, has little in- mesh bars increaslng collection
fluence on secondary electrons efficiency.

ELECTRON TRAJBCTORIES IN REGION OF IMAGE ORTHICON TARGET

Figure 8. Typical Paths for LLow Energy Electrons
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low ¢nergy electrorns, Fassing tarough the mesh, they are reflected buck toward the

terget by the field from the far more ﬁegative rhotocathode., Since the mesh is
vsually 6-70% open area, 70% of the scondaries pass through initially, and 70% of
these return to the same or neighboring target elements. The close spaced tubes
show & sharper transition region because of the stronger extraction field at the

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

space charge effects.

The value of illumination to reach the knee of the signal transfer curve may be
calculated for the 5820 and 674 by assuming that the capacitance between each tar-
get element and the target mesh is large compared to inter-element capacitance. To
simplify tne mathemetics, all elements are considered to becharged as a unit, so
that the target and mesh can be regarded as a parallel plate capacitor. ror the
5820, the target mesh spacing is .002", the scanned area of the target is l.l2" x
84", und 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
requires a current of 6.4 x lO-9 emperes. For a 5820 with a 60% transmission col-
lector mesh, and assuming a secondary emission ratio for the target of I, & target
mesh assembly gain G=T ( S -1) = 1.8 is realized where T is the optical transmis-
sion of the collector mesh and ) is the secondary emission ratio at the target.
Hence the calculated charging current corresponds to a photocathode current of
3.6 x 10-9 amperes. Assuming /jO0 microampere per lumen photocathode, and an illumi-
nated area of 1.28" x .96", this requires a photocathode illumination of 1.06 x
10-2 foot candles. The close agreenent between this calculated illumination and
the exjerimentally observed value of 1 x 10-¢ foot candles is wgood evidence that
this simple theory is adequate,

A further corrollary of this analysis is that the amount of inforwmation which



can be stored on the target mesh assembly in a frame time is limited. In a later
section this will be shown to limit the maximum signal to noise ratio., To lengthen
the linegr part of the trensfer chearacteristic, to increase the inforimation handling
capacity, and to improve the optimum signal to noise ratio, the type oL7l image
orithicon is made with a nominal .CO05" target mesh spacing. By the foregoing analy-
sis, this raises the knee of the transfer characteristic to about l} x lo-lfoot
candles. The closer target to mesh spacing makes these tubes more likely to be
microphonic. The 6474 is used primarily for color telecasting in a camera with 3
inage orthicons. Since the signels from each of the 3 tubes rust be combined to
form the color signal, it is desirable in this application that the ceamera tubes be

used only in the linear part of the transfer characteristic,

2.) The Action of the Target

As indicated above, the image orthicon target must perform several functions:
(1) The secondary emission ratio of' the front or photocathode side saould be
as high as possible to produce a large stored signal from a limited photocatnode
current., As shown in rigure 9, the net charging current at the target is equul to
i =1 (3-1), (1)
where ipr is the photoelectrcn current reaching the target. This current will be
less tnan the current leaving the photocathode, since some electrons will be inter-
cepted by the collector mesh, Since the photoelectrons have been accelerated
through 400 or more volts, they are essentially undeviated by the fields near the
mesh, und the fraction which reach the target is essentially equal to the optical
transmission of the mesh, Hence ich = ipo t (" -1)
or Gain = iy = t (& -1) (2)

1pe

Typical tyye 5820 image orthicons with glass targets have measured gains of about 2.

For an assuted mesh transmission of 65, this corresjonds to a secondary emission
ratio, § . of 4.
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(2) The charging current acts to create a positive charge pattern on the
photocathode side of the target. During the scanning process, the electrons from
the scanning bteam are deposited to restore the scanned side of the target to the
potential of the scanning gun cethode, disregarding the effects of emission veloci-
ties and contact potential differences. Although a net charge is left on each sur-
face, the photocathode side ol the target is restored nearly to its dark potential
because of the strong capacitative courling through the target between its two sur-
faces, Irmeciately after the first scan the voltage across the target between the
surface of a given element will be equal to the signal charge transferred in that
frume time divided by the capacitance through the target. If the terget swing was
2 volts, the charge transferred is CimaV, the product of the target mesh capacitance
and the voltuge swing corresponding to a highlight at the knee. Hence, the voltage

across the target after scanning will be

th x 2 volts (3)
Cit

wiere Jtm is the capacitance between the active area of the target and the mesh, and
Ctt is the capacitance through the target between the corresponding active areas.
since the active areas are the same, the ratios of the capacitances are
- s A - dit — 0002  _
o K d 5 x.002 30 (&)
tt __tmz_ tm
Keo g7
O dt

where€gis tue peruittivity of free space, K is the dielectric constant for the target

ruterial, A is the active area, dt“ is the target mesh spacing, and dtt is the thick-

o

ness of the target. Hence, theivoltage across a target elemcnt immediately after
the Tirst s:zan is .04 volts, if the target had been charged to the knee unless some
metihod is provided for charge conduction through the target, this remanent charge
will be increased in subsequent scans until the tube ceases to reproduce prictures
because the voltage across each target element reaches the potential difference be-

tween the collector mesh and the scanning gun cathode. In the image orthicon as
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origzinally ceveloped, this conduction is provided by making the target of glass whose
resistivity at operating temperature is in the order of 10ll ohm centimeters. 4
homogeneous membrane of this glass, .0002" thick, is stretched across a supporting
rim, The resistance through the 1.12* x .84" useful area of this target is then
about 8.4 x lO6 ohms. In a steady state condition, the signel or charging current

at the target must be conducted through this resistance without an excessive voltage
érop. Since for a 5820 the charging current for a white scene at the knee is

6o x lO‘9 emperes, tne maximuwn average steady state voltege drop across the target
is 5.4 x 1072 or .05 volts. This value is small compared to the normal 2 volt target

riesh votential, and in general does not cause any objectionable memory effects.

(3) Although use of a homogeneous target made of & glass with a resistivi-
ty of 10ll ohm centimeters gives proper charge conduction through the target, there
are thiree 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 8o + 2° to = 5°C. This range is in-
conveniently narrow for some military applications. Seconaly, the standard glass
target 5820 and similar image orthicon tubes have a rather limited operating life
set by target performnance. After several hundred hours, the tube tenas to retian
for some seconds or minutes a negative image 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 o0st important, the target glass not only conducts charge through itself par-
allel to the tube axis, but elso provides lateral charge conductivity between adja-
cent image elements and acts to limit the amplitude of the reproduced signal from
parts of the scene with 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 te increased without causing objectionable voltage drop
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througn the target. However, glass targets are made by cutting a small section from
a hand blown bubble &nd sealing it tu & metal ring which has been previously enameled
with a glass which melts at a lower temperature. With this technique target thick-
ness could be decreased by at most a factor of 2, an insignificant improvement for

most applications.

The effect of lateral charge leakage has been analyzed by H. B. DeVore: "Limit-
ing Resolution in an Iwage Orthicon Type Fickup Tube", Froc. I.R.E., 36-3-33%5, March
1948. The results of DeVore's analysis are shown in Figure 10 as applied to a 5820
with parameters as shown in the figure. Although DeVore's assumptions meke the re-
sults shown too pessimistic for resolution beyond 200 to 300 lines, the curve shows
that lateral charge leakage limits tube periormance even when the tube is used for
standard 30 frames per second broadcast televisioan. The criticel assumption made in
DeVore's article is that the capacitance between a resolution element on the ;arget
and the collector mesh is effective in determining the charge storage capacity for
that element. This is true only if the target to mesh spacing is considerably
smaller than the width of a resolution element. For a 5820, this condition is not
satisfied for resolutions beyond 200 to 300 lines. for finer resolution patterns,
tne caracitance between each target element and all its surrouncings becomes impor-
tant, leading to a larger charge storage capacity, and therefore to greater resolu-

tion capability then are indicated in DeVore's analysis.

Unfortunately, for many military purposes, it is desirable to scan the tube
more slowly t“an 30 fremes per second. Ffor example, in operation at very low light
levels, there may be insufficient light 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 freme and reduces the frame rate, J4ith an ideasl camera tube

also, acceptable pictures cen be obtained at lower light levels by allowing a longer
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exposure time for each freme, This procedure yields scent inm;rovement for the 5820,
S47he or 7198 because lateral target leakage degraces the image severely at longer
freme tilmes as shown in Figure 10, aAlternatively, for an arplication like mapping
from ean aircraft, it ray be desireatle to expose tiie camera tube for a relatively
siiort time during each frume time to "stop" scene rmotion. 1In such cases, it is often
desireacle to scan withcut interlace over a period longer than 1/30 second to trans-
rit tie infor:mation over a data link of modest bancvidth. In this mode >f operation,
the uegradation of image quality during the scenning period on a tube like a 5820

is celinitely objectionable for scanning times longer than about 1/20 second.

Tnus, t:ae stancard glass target represents a comgromise. :ligh jerforiance image
ortiiicons of the future will aliost certainly use far thinner tergets made by thin
film tecinigues to obttain reduced lateral leakage, possibly in conjunction with
creation of an anisotropic conductivity pattern to favor charge conduction through

the tarcet.

3.) desolution Linitations - The Inagze Section

The piotoelectrons in the image section of an it.age orthicon are focused at the
terzet b, use of a nearly uniform magnetic field., In such a field, any electron
exitted sith a velocity coiiponent rerpendicular to the exis of tne tube descrites a
helical peth. The time to coujplete one loop of the helix is the same for all elec-
trons, eltaough the dianeter of each loop is larger for electrons with larger radial
velocity coujonents. If the fields were completely uniform, focusing for this arrenge-
ment would be perfect except for tie effects of verying photoelectron emission ve-
locities j;arallel tc tae axis ol thie tube waich cause variations in transit tine to
tae target. This type of inage defect is often comjered to cnromatic aberretion in
lignt ojtics and coulcd te essentially eliminated if the enission energies of tne

}-otoelectrons were restricted to a very low velue. According to the Einstein photo
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electric ecuation

1/2mvy =h, - h\,o=.h§_—-hx‘2; (5)

where Vo is the frequency and A, the longest wavelengtn of 1ight which will produce
;notoemission from the photocathode. That i§, the naximum kinetic energy of emission
for a photoelectron is the energy of the exciting photon less the photoelectric work
function, or minimwn energy needed to remove a rhotoelectron from the surface. Elec-
trons will leave the photocethode with energies up to th}s maximua, depending on
whether the electron when initially excited started moving directly towerd the sur-
face or followed an oblique path, and on the energy state from which it was excited.
To restrict the emission energy to low velues, one may. allow only exciting radaiation

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

This type of imaging defect has been analyzed for a typical image ortnicon image
section by H. B. DeVore, "Limiting Kesolution in an Image Orthicon Type Pickup Tube",
Froc. I.R.E., 36-3-325, larch 1948, and by H. Kanter, "Resolution Limitations in the
Secondary Electron Image Amplifier", Jestinghouse Research Report 6-94410-2-R1}.
figure 11 shows the results of this analysis as applied to the image section of an
image orthicon or image isocon when the illumination is monochromatic light of the
wavelength inaicated. The assumptions made include use of an S-10 photocathode with
a long wavelength cutofr of 7000 angstroms, & uniform 75 gauss nagnetic focusing
field, 150 volts between the photocathode and the target, and use of a 2.8 centi-
meter pattern width at the target, ull typicel of standard fubes. A high contrast
test pattern is assumed, and the result is expressed as the contrast in the photo-
electron current image apjroaching 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 height (1650 lines in 2.8 cm) at 50% contrast, light of

a wavelength no shorter than 6000 angstroms, or within 1000 angstroms of the long
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Wwavelenzth threshold rwust be used.

Ixperitental tests of limiting resolution on an image orthicon have been made
in thais laboratory, in which the scanning amplitude was reduced so that high resolu-
tion tcst pattern information could be reproduced without exceeding the frequency
rass bund cupabilities of the video amplifiers in the available test eguinuent.
Resolution patterns as fine as 3000 TV lines per stendard pattern height have been
re;yroduced. Under these conditions, some small difference in resolution could be
seen when a 2000 line test pattern was alternately illuminated with red light and
blue 1li nt. In jractice, then, DeVore's analysis appears too pessimistic, as he
indicates, since tie image section focus adjustuent is preswnably set for electrons
ol un averaze emission energy, rather then for zero emission energy as asswuwed in
the calculations, and because tne assumptions on distribution energy and direction
for the emitted electrons are very difficult to check and are probably incorrect.
desults of the analysis are included, however, since they indicate that image section
emission velocities should be considered as a limitation whenever extremely high

resolutions are required.

a tube designer muy improve the limiting resolution of an image section by in-
creasing, the electrostatic field at the surface of the photocathode. The result may

be expressed eas:

(6)

e
o

= & X
T d
Jhere: R is the limiting resolutiorn
V is the image section accelerating voltage
d is the distance between the photocathode and the target or collector mesh

Vois thie emission energy in volts

for a tyiical megnetically focused ima e section, an increuse in V/d can te

accomplished by increasing the overall accelerating voltage v, or decreasing the
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iriage section length d, but in either case the magnetic field rust be increased to
muwintain image focus by shortening the period of revolution for rudially moving elec-

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

- T [Bf

Jnere m and e are the mass and charge of the electron resjectively and E is the mag-
netic Tlux density. Inspection of this equation shows that if image section voltage
cannot be increcased because, for exam;le, of the secondary emission characteristics
of the target, the resolution will also increase linearly with the magnetic field.

The coinbined equation is:
R - L e B%d 1 (8)
L) m J Vo
Ifvis to be keprt constant, the product Bd must be kept constant. If however, the

magnetic f'ield is doubled una the imege section length halved, the resolution will

be doubled, as stated above.

Ih.) oensitivity Limitations

busic limitations on the scnsitivity of any camera tube or lignt anglifier de-
vice are given in detail in tuae following sections, Jsor en iwage ortiicon, tue
priacipal lindtations are those affecting the signwl to noise ratio in tne rejroauced
irage. First, and rost inportant, the typre of scenning used in tue image orthicon
introcuces a fairly large relatively constant noise contribution due to shot noise
in tae scanning beam., To optimize signal to noise ratio for geatest sensitivity,
the signal current at the target should te made as large as possible before intro-
duction of no.se in the scenning process. This can be accomplished by use of nmiore
sensitive photocathodes, of targets with higher secondary emission gains, or by use
of an image pre-amplifier shead of the target. ~Ffurtiher, the bcam should be adjusted
to be as small as possible while still comjpletely charging the target to its dark

potential, The required team current is, as discussed below, a function of tae
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velocity distribution in the beam, and of the micro-structure of the scanned side of

the target.

The second noise contribution limiting sensitivity in the image orthicon is the
fluctuetion signul generated in the camera tube load circuit and the video preaup-
lifier. Known &s Johnson noise, for a good low noise cemera 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 1079 amperes. ©One of the advantages
of the image orthicon is that for normal scene brightnesses, its essentially noise
free putput electron multipler cun 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 rancom-
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 the phatocathode
which corresponds to a brighter area of the picture than one which corresponds to a
dirmer 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 Requirement

It was shown that the signual current at the target of a 5820 operating at the
9

knee is about 6.4 x 10~ 7 amperes for a photocathode illumination of 1 x lO"2 foot
candles. At this illumination level, the output signel current for a typicul electr-n

multiplier gain of 500 to 1500 is 3 to 9 microampers, far above the 2 « 10"9
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microanpere amplifier input noise. rtowever, such a camera tube can reproduce useful
images with photocathode illwiinations as low as lO-h to 10'5 foot cendles. The

lover figure predicts an output signal of only 3 to 9 x 10-9 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 5 stage multijplier has just adequate gain to
override amglifier noise at its normal sensitivity threshold and if steps are teken

to iiprove effective tube sensitivity by lowering the beam noise contribution, the
overall tube gain may have to be increused to maintain the output signal above

anplifier noise.

(b) Beam Noise in Image Orthicon Scanning

Of all limitations presently found to linit 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 oreration, the charge pattern is read from the storage
target by scanning it with a beam of low energy elec*rons so that some of the elec-
trons will land on the target to neutralize the churge, and tine rest will return to
an electron multiplier structure. J+hen the beam is scanning a negatively charged
target element corres;onding to a black spot in the scene, all of the beam returns
to the multiplier. J4hen the beam scans a rather more positive element, corresponding
to a light grey or white, some of the beam electrons land and the return beam current
is momentarily reduced. In general t.is reduction, which constitutes the video sig-
nal, is never larger than about 30% of the beam current, and far dimly lighted scenes
is usually much less. The amount of variation in the returning beam is defined as
the modulation, M, so that & = Ip -Irp X 100. To maximize the modulation, the

Iy
beam current is always adjusted to the minimum value which will supply the signal

current for the brightest elenents in the scene which is to bte televised.

Experimental and theoretical data agree fairly well that the beam behaves as a
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random noi.e generator, whose rms noise current output is

4here e is the electronic cherge, 1.6 x 10719 coulombs, I, is the beam current in
amperes, andAf is the system bandwidth in cycles per second. In televising low

light level scenes, rost of the beam is returned to the rultiplier, and the signal
at the target is divided by this entire noise current to obtain a signal to noise

ratio which compares favorably with the experimentally measured value.

To indicate the importance of the bewm shot noise, a calculation of the signal
to noise ratio for a 820 ojperating at the knee follows. as indicated in an earlier
section, tie signal current at the target is 6.4 « 10-7 amperes, This current nust
be supplied by the beam, but if 30% team modulation is assumed, the beam current will

8

be 1 x 6.4 x lg-9 or 2.1 x 107" amperes, Since the output electron multiplier is
3

assumed to cause no uegradation in signal to nolse ratio, the ratio of signal at the

target, o.) x 1079 wiLeres, to bewm noise,

- . 5 ' 5
\/;eIAf = \/2 x 1.0 x 10 7 coul x 2.1 x 10 = amperes £ 8 x lOb sec is a

velia signal to noise ratio, and gives a figure of 27.4:1. Use of an 8 megacycle
vidco tandwidth is assumed. 7This value compures with a measured value of 35:1, ine
uicating that tne beam noise is indeed dominant in limiting signal to noise ratio.
Tnis limiting velue (or well lighted scenes can be raised if the signal handling
capability of the target is raised. The o474, which can store a signal |, times as
largze, will require a beam current 4 times as large if modulation is assuwned constant.
Since the signul to noise ratio varies as Igib. / Ibeum, the 647, will achieve

essentially twice the optimum signal to noise ratio of the 5820.

At lower ligant levels, the signal to noise ratio for the 5820 will te poorer.

If the photocatiode illumination for objects in a given scene extends from the knee,
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