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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



TARGET VOLTAGE CONTROL

/\$/\ﬁ 3=+ 75 VOLTS D.C.

e LOAD RESISTOR

———i '—-—>—- VIDEO AMPLIFIER:INPUT

ALIGNMENT
/cou.
GLASS FACEPLATE: R R FOCUS NG _ CO1 LRI REIAR
! OEFLECTION COILS
CONOUCTIVE s —
COATING -

PHOTOCON QUCTIVE
COATING (TARGET)

\

L
gl
1)

TARGET —! . -
CONNECTION L TTRLXTR
GRID NO.4 -
(MESHI)
PARTICLE SHIELD GRIO NO.3 GRID  NO. 2 GRIO NO. I CATHOOE

(FOCUSING ANODE ) (ACCELERATOR} (CONTROL GRID)

Figure 3. Cross Section Type 7325 Vidicon



A’/r—emNALPLATE
_ I

- =t 0 LAY
[ L geoenil N\~ courLine
AT ‘ 3 CAPACITOR

PR
SCAN  pnoto LavEr

LOAD RESISTOR

ELECTRON
BEAM

CATHODE —/

'__ll!'llllll +

Figure 4. Detailed Cross Section Photoconductive
Vidicon Target

[
o



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
27



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,

107° foot candles in the highlights, to a very low value, the beam current must be
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set to discharie t.e highlights. Grey areas corres;onding to a rhotocat.ole illuni-
nation of 3 x 10" foot cancles will tuen give a signel to noise ratio of 1, wni less
brignt deteil will be essentially lost. If generally dim scenes are to be televised,
tlic beem current is usually reduced to a value just sufficient to discharge thie hi_h-
lichts in taat scene. If the bewi modulation in the highli_hts viere that which was
obtained et tine knee, the signul to noise ratio would decrease us the square root of
tie sig nel current. Unfortunatel,, the optimum bewn modulation cecresses ra,idly
photocatioce illwdination decreeses, and & 5920 in general gives a barely discernatle
isicture at 107~ foot cancles highlight illumination even though the bean current is

reduced as nuch as possible.

The reasons for low bean nodulaticn are taese: iirst, the bean electrons
ayyroaca the turget at very lov velocity. while phenomena in this velocit, range
are difficult to stucdy, we believe thct of those electrons which actually strike the
terget surface, only about half rcmain. The rest interact with the surface but are
scattcred buck toward the ;multiplier. On an electronic sczle, the glass surface is
very rouch and the scattering rrocess is the result of intcractions between the ficld
of a beun elcectron and tne ficlds of the ,articles which make up the glass surface.
The jrocess is probubly not elustic, end the velocity com;onents after scattering
are often far different from those of tne incident electrons, This fact is used in
the image isocon, another type of camera tube descrited below. llow, if only 0% of
those .hich reach the target renain, under any circumstances the bewa modulation will
never esceed 0% of that which would otherwise be calculated. The process by wuich
theze very low energy electrons interact with the surface is one on waich more inow-
ledge is needed, since &n improvement in scanning etrticiency would help to obtain

higher signal to noise ratios und greater sensitivity.

a second fundamentul and more imyortant factor limiting beem moculetion is tne



electron velocily spresd in the scenning beam. oince the electron team is mace to
apyroach tic surface of the target at nearly zero energy, the numter of beam electrons
which land on any target elencnt is a furction of the instantaneous potential of that
element and of the kinetic energy of the beam electrons. iHence, small variaztions in
tean electron energy exert e very significent effect on tube operation. lroperly
speaking, it is not tne kinetic energy of the beam electrons, but rather that jortion
of the kinetic energy of each electron which is associeted with its forward motion,
purallcl to tae tute axis, wiich determines whetier a given electron can land on e
target element at a given voltage., If all electrons approached the target normal to
its surfece and if all had the same energy, all could land on an element which was
slightly jpositive, none could land on en element sliiitly negative with respect to
the zero point for kinetic energy. If a given beam electron started from rest at

the cathiode were accelerated by the electron gun, and decelerated as it approached
the target, it would Jjust reach a target element at cathode potential, provided that
none of its energy had been converted to motion in & plane perpendicular to the tube
axis, This statement neglects the effects of contact potentials and work functions.
Unfortunately, the beum electrons do not all start from rest at the cathoce, but are
cemitted 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 a microscopic scale, probably not uniform, and the work function probably
varies from mnicrosco;ic point to point. Additionally, the electric and magnetic
fields used to form, accelerate, und focus the beam may tend to trensfer some cneryy
to a motion perjpendicular to the tube axis, and although all electrons may have been

accelerated through the same potential drop, the forward component of their motion

ray vary considerably.



All of these effects combine to produce a rather large spread in tne paraxial
velocity components of the electrons ajyproaching the target, and measurements, al-
though adémittedly difficult to perform, have sho.n a spreed of more that a volt under
some conditions, although the spre.d ir emission energies alone is only .l or .2
volts. !lence, the instantaneous current landing on e target element Gepends on the
instantaneous potential of the element, on the total beam current, and on the aistri-
bution in paraxial kinetic energy for the beam electrons. although other fuctors are
inm, ortant in troadening the distribution, authors such as Dr. dens Heil, "On Lu.age
Defects arising From the Electron Velocity Distribution in the Reading Bewn of Image
Jrthicons" published in the Froceedings of the Irage Intensifier Symi,osium, VUctober
0-7, 1958 by U.S. Aray bngineer Research and Developient Laboratory. or R. .. Floyd;
whose analysis is A,pendix T of this report, have deduced a reuasonable explanation

of the action of the beam in discharging the target by asswzing a ivaxwellisn distri-
eV

bution and using the relation Iygrpet = const x Ty, X €xp =7
XT

(10)

where V is tiie instantaneous potential of the target surface, usually negative,
with respect to tne gun cathode, T the effective temperature of the beam in degrees
Kelvin, higher than the actual cathocde temperature because of the broadening effects,

and e the electronic caarge und k the Boltzman constant respectively.

This relation emphasizes that if the target is scamned repeatedly while the
lens is capped, its .otential will be brought to a value fer negative with respect
to the value at which an electron starting from rest at the cathode would just land,
and the beam current landing on the target will increase very slowly as the target
is made more positive from this dark point. If a very dim scene is inaged on the
photocathode, a small current of pnotoelectrons will strike the target, creating a
small positive signal current which acts to charge the target mesh cepacitance dur-

ing the first frame time. Although beam electrons will land on each target element
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Target Voltage In Units Of E%

Measured beam spread of 1 volt corresponds to 2.3 %2. 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 Ip, .. X expkT

ASSUMPTIONS: Constant= 0.5
IB eam= 0 . Ol
em 1.6x10-19 coulomb

v= Instantaneous target voltage below values at which all
current lands
k= Boltzmanns Constant = 1,38x10723 Joules/degree K

Te Effective Temperature of Beam

Fijgure 12, Charging Current as a Function of Target Voltage



when scanned, the current is so small that the target is not restored to its
previous condition. The sare amount of charge is added to the target by removal of
secondary electrons in the second frame tiie, and again the beam lands more electrons
but not enough to neutralize the charge created by the signal curreant. 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 equul the signal
current which is charging the target. The process can be niost easily visualized

by reference to Figure 12 which shows the 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 given target eleinent is the integral of the instantaneous
target current between the voltazes existing just before and just after tie beam
scans the element. These in turn are a function of the voltage before scanning, of
the target-mesh capracitance, and of the tine during which sume purt of the beam is
directed uat a given element. vJhen a steady state has been reached, the current
deposited will equul the secondary electron current leaving such eleent in a frame
tinie. The time to reach equilibrium nay be many framne tiwes, or even several sec-
onds for a low light level scene.

Conversely, winen the inage of a low light level scene is removea from the
tube, the becam will require several scans to charge the turget to its stable dark
potential. Although the target current, and therefore the output signal, will be
amaller in each successive scan, an i..age of a near threshold scene can often be
secen for many seconus after the lens has been capped, and a tine in the order of
seconds is required to reach full signal conditions after re-ojening the liens,

This lag effect limits the ubility of the inage orthicon to reproduce an i.age con-
taining motion when very low lignt levels are used, To uinimize stabilization tine,
imace orthicons for low light levels usually use wide spuced, low capzcitance tar-

get mesh assemblies.



Any preamplifying nieans which increases the charge information stored on the
target at a given light level will also act to reduce the lag effect at that light
level,

Ideally, the low level lag effect could be greatly reduced and nodulation
increased if the broad "axial" energy distribution in the beam could be narrowed.
Sorme improvenent can be effected by use of gun designs to minimize axial velocity
spreads atove the emission velocity distribution. However, tnis emission velocity
siread still has a nigh energy "tail®, and 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 rejort but our theory and experiment
a_ree 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.) Sumnary

The foregoing discussion of the image orthicon empaasizes some of its dis-
advantagces. ot emphasized was the excellent sensitivity of commercial tubes
available at the start of this research, nor the fuct thit phenomena lilie the
log effect at low light levels have their parallels in the physiological adjustments
of the human eye &nd have advantages, for exanple, in suoothing out the effects of
stutistical fluctuations in the incoming information at low light levels. Because
of thcoe advantuges, the image orthicon was selected as the busis for most of the
research conducted under the subject contract. At the conclusion of this research
prograny, it is apparent that the most imaportant and fruitful approaches to greater
sensititity were those in which the charge to be stored on the target was auwplified
before the noise inherent in the scanning process was introduced into the system.

These and other approaches are discussed in the body of the report.



c. Image Isocon

As indicated in the preceding section, the principal limitation to obtaining
improved sensitivity from a standard image orthicon is the shot noise in the scann-
ing electron beam. In the image orthicon, essentially the entire scunning bean is
returned to the multiplier in the darkest parts of the picture, while & soaewhat
smaller current is returned when scanning parts of the target corresponding to
tright objects in the scene., Thus, maximum return team noise is generated for those
areas of the picture in which the picture is weakest., Since the type of scanning
in which a signal is derived from electrons returning from the target pernmits use of
an output electron multiplier and hence reuoves the sensitivity limitation due to
vidco amplifier noise, Ir. P. K. Jeiner and associates at the H.C.ia. Research Lab-
oratories investigated an alternate method of deriving the video signal. As uae-
scribed in the jreceding section, of those electrons which strike the target,
apiroximately half remain znd the other half are non-specularly scattered by inter-
action with the fields of the atomic particles in the target surface. DLr. .Jeiiner
reasoned that if a way could be devised to sejparate these scattered electrons from
those which were reflected in the region ahead of the terget bLecause they lacked the
energy to reach the target surface, a video signal could be derived which would be
essentially zero in the darker parts of the picture and would reach a maximuwna when
ithe bean was scanning a target elenent corresponding to a brightly illuminated area.
This ty;e of tube, called the image isocon, was described by Dr. .eimer in an article
entitled "The Inage Isocon - An kxperimental Television Pickup Tube Bascd on the
Scattering of Low Velocity Electrons® published in the R.C.n. Review for september,

1949.

Or. vWeimer uccomplisned separation by ceusing the normal return beem of the

image orthicon to strike one small area near the axis of the electron gun. The

scattered electrons on the other hand landed in a somewnat larger arem tecause they
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rad received an additional transverse energy component in the scattering process.
3ome of *hese alectrons he caused to enter un electron multiplier structure through
& small off-axis aperture., To direct the scattered electrons into the multiplier,
and to make zure that the reflected electrons did not enter the multiplier, Dr.
Weimer incorporated cartain 2dditional =2lectrodes for the beam alignment and for

th2 prevention of any scanning motion in the return bteam.

A principal problem in the davelopment of a practical isocon is the attainment
of complete separation between the scattered ani roflected return beams. HMethods
used 4t the time of %his research incluiled the discarding of half of the desired
scattered electrons in order to effect this separation. Further, a field defining
nash used on tha scanned side of the target to eliminate scanning motion in the
returning beam of raflected electrons caused an additional noise contribution.

S5inc~ the scattered ani reflected =2lectrons were being separated on an energy basils,
we balieved that devalopment work on the isocon could profitably be delayed until
neans for narrowing the velocity spr=ad in the slectron scanning beam has been
achieved. For these r-asons, und because of addad critical adjustments then consid-
ered necessary for isocon operation, we ~lected not ‘o pursue work on this type but
insteud to concentrite on preamplifiar structures for the image orthicon to provide

improved signal-to-noise ratio and better sensitivity.

d. The Westinghouse Ebicon

As inlicated in the section on the image orthicon. it is most desirabl~ that
image signal amplification be incorporated in any camera tube ahead of the scanning
procass, In *“h~ imuge orthicon, some amplificition is achieved through seconiary
amission gain in the target. As shown in a later section on signal to noise limita-
tions, for imug~ orthicon type return team scanning a pre-beam gain of at least 100

is nee’ed in orior that the scanning heam noise not be a dominant factor limiting
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sensitivity. 1% is also obvious that a camera tube for maximum usafulness to the
military should be simole and compact and use straight forward circuitry requiring
little or ro maintenance ani uijustmant.’ Ta~ vidicon described i=n the iatroinctory
gnction is the simplest of mod=rn camera *tubes und oparates in many low cost caneras
over long p~rioids of *ime without attention, 4 highly worthwhile goal would be a
combination of tube components to achieve high image signal preamplification before
the scanning process in a tube having otherwiss the oprrating si-iplicity of the

vidicon. An aoproach to *his tube 15 tha lestinghouse Tbicon shown in Figure 13.

I» this tube, the scene to be televised is imaged on a photosmissive cathode
on the inner sarface of the optical window at the 1eft end of the bulb, The emitted
vhotoelrctrons ara accelerated and focused by electrostatic, or by a combination of
eloctrosiatic and magnatic fields, and caused to strike a thin semi-conductor target.
As showm in Figure 14, +*his 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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Tae electrons, accelerated through a potential drop of 10 to 20 ikilovolts, pass
through the slwainwn but are absorbed in the seri-conductor with the release of
many charge carriers. a&s in the vidicon, the free side of this leyer is scunned
with & low energy electiron beam so tiaat, if the optical lens is capped and no jioto=-
electrons rcach the layer, the free surfldace is soon charged to scaunin_ gun cathode
potential, If nos the lens is openea, photoelectrons are emitted from the photo-
catiiode and strike the layer. In laboratory tests, it has been siaown that from
several huncred to 1000 or nore charge carriers traverse tire semi-conductor layer
for each photoelectron waich strikes it. 4s in the photoconductive layer of the
vidicon, the clectrons travel to the riore positive aluminwa signal electrode, the
holecs travel to the free or scanned side of the semi-conductor, and the voltage
differciuce zcross the layer Cecrcases at a rate waich is a function of photocathoue
illumination. Jhen the electron beem returns to scan & given elenent, charge is
deposited to restore the free surfuce of that element to gun cathode potential, und
a pulse of c¢lectrons is cupacitively coujpled to the signal electiroce, which is in
turn conneccted throurh a load resistor to the positive target voltage power supply,
and through a coupling cepecitor to the video amgplifier. A reguirement for any
sensitive cumera tube is that the output signal ve larger than theeeffective input
noise of the video preauplificr at the lovest light levels from which an output

irage nust be obtuined. The Ebicon pictured in Fi_ure 13 has an input ,hotocathode
area 1/2"x 3/8" or 1.3 x 103 square feet. Assuming use of a multi-alkali photosurface
with a sensitivity of 150 microwiperes jer lumen and an effective BEIC target cain

o f 500, a hignlight photocathoue illwaination of 2 x 10"Y ft. candles would be re-
quired to obtain a signual equel to the assumed 2 X 10°7 enperes preanjlifier input
noice current. By analogy with the vidicon, we can assume that this would te close

to tne threshold for a simple Ebicon, that is for one without an output electron

multiplier. Thus, the predicted sensitivity of the simple kbicon is in the orcer
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of that now obteined from a type 56820 image orthicon. altilough some work was done
on t.e Ebicon early in ther period covered by this report, it was decided jointly
with the Air Force task scientist not to emrhasize this a;proach since, at that
time, several low voltage eljroaches to image preamplification seemed promisinge
It was subsequently decided under a separate procurement to sponsor research on a
version of the LEbicon using a return beam multiplier for optimum sensitivity under

Air Force Contract aF33(616)0496 which is now active.
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SECTION III
PERFORMANCE LIMITATIONS OF IMAGE ORTHICON

1. INTROIUCTION

The most sensitive basic television camera tube in general use todey is the image
orthicon., Despite its demonstrated sensitivity, however, the image orthicon has cer-
tain significant performance limitations in the conversion of an opticel signal into
an electrical signal. Its principel limitations, particularly at low light levels,
sre discussed below.

In cemera tubea 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 terget. This distribution of charge is the integrated input
over the time interval between scanning of the target surface by an electron beam,
The video signel is generated by modulation of the scanning beam resulting from a
neutralization of the eccumulated positive charges on the target surface by the re-
moval of electrons from the beem. The electron beam used to scan 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 & low light area. The
shot noise of this excess bsem curreat acts to further degrade the low light level
performance., In normsl operation, this noise contribution is well above the shot
noise associated with the photoemisaive 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 po 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 & limiting factor in the
*seeing® ability or limiting image detectability of the tube.

Since the upper limit of signal to noise ratio is determined at the input trans-
ducer, it i3 obviously desirable to use a high sensitivity photocathode to generate
a large signal current for a given incident rediant flux, Within the present state
of the art, however, there are practical limits to photoemissive cathode sensitivities,
80 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 imege on the terget, it would then te desirable to
amplify the signal subsequent to leaving the input photocathode and prior to arriving
at the target. This can be accomplished by various meens such as the use of second-
ary electron emjission multiplier or imege intensifier stages. It is clear that the
requirements for such pre-scenning beam amplifier stages would be high electron gain,
low noise contribution, and high resolution capability. Anothe: 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 lend on the target and neutrelize 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 smell fraction. This contributes to a further degra-
dation of the signal to noise ratio. To improve the scanning beem modulation and,
therefore, the signal to noise ratio developed by the tube, onme 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 signsal
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amplitude in parts of the scene containing fine deteil, thereby degrading resolution.
This leakage becomes especially significent in a standard image orthicon if the time
requireé to complete one scan is greater than the normel 1/30 second. 4 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 eand integ.ation
without serious resolution degredation, have been demonstrated with such targets
over periods up to ten seconds.

The electron multiplier structure of the image orthicon normally essumed to
supply essentially noise-free {ignel amplification does in fact meke a substantial
noise contribution and may, under certain circumstances, elso act to limit the empli-
tude of the signal, thus degrading the signal to noise ratio.

The only truly fundamental limitation in eny camera tube is the random or sta-
tistical nature of the process by which the information bearing photocurrent or sig-
nal 1s 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 photocathode corresponding to a bright part of the image
than from a neighboring area corresponding to the darker part of the image. This
veriation 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 light 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) Fnotocathode jlluminatjon - This establishes the rate of arrival of in-
formation bearing quanta at the photocathode. Because of the random nature of the
process by which quants 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 noise of the photocurrent due

to the fact that each incident quanta does not result in the e jection of a photo-
electron.



(2) JPnotocathode sensjtivity - 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 25% for the most
sensitive photosurfaces in current use.

(3) Contrast ratio of the scene being imaged - This is defined as the ratio
of the difference in light quanta per unit time leaving a *white® elementeal 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, or:

C=F - FD 1)

F
Essentially, the ability of a camera tube to image the pattern in a scene being
viewed depends upon its ability to diascern the variations in brightneas over the
scens. The signal can be Gefined as the difference between the total photocurrent
leaving a "white" element of the photocathode 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) FPhotocathode dark current - Thermionic electron emisaion of dark current
from the photocathode will act to reduce the contrast ratio in the electron image
generated by the photocathode, particularly at low light levels, It is necessary,
therefore, to consider th- effect of spurious rhotocathode 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 becomes:

C= PF.Fp
¥F+an
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(5) Scenning time interval - 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 time interval between scanning
of the target by an electron beam, one can increase the signal amplitude by extend-
ing this scanning interval. Because the signal increases linearly with storage time,
while the nuise increases as the sqguare root, there is a resultant improvement in the
signal to noise ratio. An implicit assumption is the ability of the target to inte-
grate and store electrical charge without degradation in contrast ratio at the target
duéhto iateral charge leakage,

2. FHOTOCATHODE 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 sempling time, the actual pumber o 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 elament in a sampling or frame time
will be the square root of the average number. Thus, if N is the average number,
Jir—is the fluctuation and the average to fluctuation or signal-to-noise ratio is

N or VN.

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 follows:

t

1

;

where i = 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 shape:

where: 1 = Total current leaving white element of imege.
This includes current due to brightness of
white elements in scene being imaged, and
dark current due to thermfonic emission.

(1 -C)1 = current leaving black element of image.
This includes current due to scene background
brightness and dark current due to thermionic
emission,
Ci=1l+(l-C)i=Ci= 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 the electron immge, C, is

equivalent to the contrst ratio of the scene:
F-F

C =
F

= Cseene (3)

where; ¥ = population in electrons? per second leaving white elemant of image.

Fp = 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
rhotocathode 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-F
S & (4)

F + n

The signul to noise ratio associated with the photocathode can be expressed as

follows:

Signal =  Number of signal photgelectrons
Noise 2

(iluctuations in photoelectrons)‘ Fluctuations in
rom white element + photoelectrons

rom black element

Let us define the following quentities:
L = sensitivity of photocathode in amperes/lumen
A = erea of photocathode in square feet
E = photocathode illumination in foot-candles

4
8 = number of resolution elements = _ N2 assuming the standard 4 X 3 aspect ratio

2

and a resolution N in TV lines.,

e = electronic charge = 1.6 X 1019 coulombs

-3
"

target exposure time or frame time in seconds.

From the above, we can write the signal leaving the photocathole as follows:
a _ LAET {1-C) LAFT
= FI-FpT = se

Se =

or d IC

)

se

(o]



The fluctuations in photoelectron current or noise for the white and black elements

respectively are:

Vo = fFT = [LaET (6)
8e

U = \/EDT;- = g;-ge)x.m 7

Combining the noise contributions:

veh? gy2 M (8)
w b se 0

The signal to noise ratio associsted with the photocathode current can then be written

ast

CLAET
g’ =
Vv 8e

-C

se

O . [LaEr (9)
1% C\Vse (2-C)

Substituting the relation:

S = b N2

3

where N = resolution in TV lines we obtain:

% C\fm -
v LeNZ (2-C)

The curves shown in Figure 15 thru 18 show the theoretical performence at varicus
values of pbotocathode sensitivity, target integration time, resolution, and contrast
ratio as predicted by Eq. (10). The effects of spurious photocathode emisaion (mn)
are shown in the dotted portions of the curves,

The dependence of the theoretical performance limit of an imeging device upon

the quantum fluctuation noise of the signal itself hes been investigated by J. ¥,



Coltmen and A. E. Anderson of the Westinghouse Research Laboratories. (Reference 1)
Experiments were conducted on the ability o. the eye to recognize a regular bar pate
tern delineated by randomly fluctuating scintillations and the data used to calculate
the resolving power of an ideal image intensifier. 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 then unity. This apparent paradox is thought to be
due to the eye's ability to integrate the available information spatially end in
time, combining the output of a number of nearby information elements to recognize a
resolution pattern or similar scene.

On the basis of Coltmen's cxperiments, the following general relationship is

derived:

F [ﬁ_] = 1.9N°

e 6 2
where: F = p ulation in electrons per second of white bars of pattern.

N = 1limiting resolution in total number of bars.

T = frame time in seconds,

C = contraat 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, & photocathode with a sensitivity
of 100 ua per lumen, an area of 8.5 sq. cm. will emit 5.7 X 1012 electrons per second
with a photocathode illumination of 1 lumen per square foot.

r = 5.7x10!° g

Combining the two equations, we have the noise limited resolution:

2 2 i/e
L (c_ )[(_L) + 1:] / 300 A 12)
2-C 0.2
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The contrast ratio of the image is determined by:

F.F
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 emission.

The straight line portions of the cruves shown in 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, Smoothing 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: {rame time, 100% scene contrast curve
is drewn for n equal to 103 electrons per second and the lower end of the 1/30
second frame time curve for 30% contrast is drewn for n equal to 10“ electrons per
second., These curves clearly show the importance of reducing spurious emission from
the photocathode.

Extrapoiating the straight line portion of the 1/30 second frame time, 100%
contrast curve of Figure 19, it can be seen that a limiting resolution of j400 TV
lines is predicted at a photocathode illuminetion of 5.5 X 10'8 foot-candles, with
noise set by signal fluctuations, For the 1 second frame time, 100% contrast curve,
a limiting resolution of 40O TV lines is just detected at 10'8 foot candles,

3. SCANNING BEAM NOISE LIMITATION

In the previous section, the signal to noise ratio was determined solely by
quante 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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ib = totel scanning beam current arriving at target of tube.

ir = return beam current fron a resclution element on target.
b

b b F current neceasary to discharge a resolution element on target.

Gy = 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:

G 1 1
w pt Gl ® = - GAEG | — a1

i
rb M -

where: G 1 = current necessary to discharge white elements of target.
t

Similarly for the black elements:

G, i 1
=(_E_ -Gt1)+CGti:Gti(- -1+C)
M
M
where: (1-C) Gti = current necessary to discharge bleack 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 =

Gt \/Lt_%;— Amplification of noise associated with fluctuations in photoelectrons
fraom black element of photocathode = Gt Mil_f) iT
8 e

Noise associated with amplified current from white element at targst = \/nti'r

8 e

Noise associated with amplified current from black element at target =

(1-C) GtiT

8 e
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Noise associated with return beam current from white element of target =

1
=1l) G¢iT
(o

S e

Noise associated with return beam current from black element of target =

1
( P - 14¢) gir

8 e

Combinirg all the noise contributions:

2 2T
= G, 1T = i
1/2 = t TR (1-c) G 4 G4dT ' (l-C)GtiT

8 e 8 e 8 e S e

+ ( ; =1)G4iT

‘14 cC
+ GAT (§ )

8 e
v:Jc iT
% G (2 2
t 1l
— | < 4.2 (13)
M
The signal arriving at the electron multiplier section of the tube can be expressed
G e
as: g = 01T (1-0)oed?
3 e 8 e
0 =x CG 1T
t (14)
8 e

Assuming no degradiation in the multiplier secticn, the signal to noise ratio for
the image orthicon then becomes:

CGeliT
= TTT

Gti'l‘ ’E’ (2-C) 2
E
o =
! (2"’) . PJ (15)
e MG,

17




Substituting:

i - IAE
IAET
L C \/se (2-CY , 2= (16)
v [ MGy,
Substituting the relation:
8 = AN'Z
2
3IAET
o - c J ,@N? %—C) 2 (17)
s R -

Plots of Eq. (17) are shown in Figures 20 and 21 together with the curve of the
photocathode noise limited equation (10).
4. APPROACHES TOWARD TMPROVED PERFCRMANCE

One can approach the thearetical 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 ones made in the
previous section. lLet Gp rerresent 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 iT

86

il
This is amplified to become Gt(.‘.p se at the target,

The noise associated with the current leaving a black element of the photocathode

is (1-c) 1T
\’ se

This is amplified to become GyGp (1-C) 4T at the target.
\} )

The current emitted fraom a white olement of the pre-beam electron multiplier

stage 1s Gp iT. The noise associated with this current is GIZ iT which is
se

~—
1]

amplified at the target to became Gy SIE iT,



Similarly, for a black element this noise contribution
becomes ct/ (1-C) Gp 4T
8

]

The current arriving at a white element of the target has an

associated noise equal to GtGpiT .

86

Similarly for a black element this noise contribution
becomes \/ (1-C) GyCpiT .

se

Noise associated with return beam current from white element
1 -~ 1yctap1T
M

se

of target is

Noise assoclated with return beam current from black element

(1 -1 + C)GGIT
of target is M GtGp .

8e

Combining all the noise contributions:

yz - o 2% 2,0 G 2Gp 2(1-C)1T Gy 2Gpi'1‘ Gy 2c;p(l—c)m
— = se T T T se
GyGpiT Gy G, T(1-C) GtGpiT% -1) = GtGpiT(%( -1+¢)
T % t T s s
Vo= f_c_rff——:_ﬂt(tiﬁ 1) (2-0) _2_] (18)
so L M

The signal arriving at the electron multiplier section of the tube can be
expressed as:

GtGpiT GyGy(1-C) 1T
—— 5 LB s

o

(19)

&

e —— =

S

CQtGpiT
®
Assuming no degradation in the multiplier section, the signal to

noise ratio then becames:

COGpAT
Se

£
=

8e

]

= JiGtGpiT [Eé'c) (GtGp L&)



iT

o
=~ = ¢ |se 7 ¢ 3] < (20)
T ]
Substituting:
i = LAE
0‘ LAET
= = c se [(2-C) (14 1) ¢ _2
V [ G, MGyCp ] (21)
Substituting:
s = 4 N2
3
we obtain:
% = (o] [ NZ BLAET
\/ue l‘_(z—c> 05T 1 o
Gp MGG

tp
As developed, Eq. (22) represents the signal to noise ratio limitations of an image
orthicon with pre-scanning beam emplification. 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 scction in the output of the tube on the overall signal to noise

ratic has not been considered. From %j. (22) it can be seen that there are several

ways in which the overall simmul *o noise ratio of ‘he image orthicon can he per-
itted to approach *the tasic sigial 4o noi limitation imposed by the photocathode.
Figure 22 is a £ of 1'g. (22) wing t Ffact of varying the pre-scunning
i amplification G.,, together with a comparative plot of ©3. (10) showing the
rotic p L bl AT 3} ¢ o e 10, rizar 3is a ;'-;AI‘ T 1R¢ i 71-
) g ] torage, hich gain target is d. Pigur i lot of Zju.
( ¥ +h e :‘; ~ Pl vary + +hn re=scanni v3ir 3 + variou “l‘ i_



5. EFFECT OF VIDEO RESFONSE AS 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 unsherpness 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 amd 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 25, even on an experimental image orthicon, the video amplitude response as
a function of line number has fallen to 40% at 600 TV lires. 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. MNote that noise due to the scanning
beam will not be reduced for this reduced signal, since beam eurrent 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 cemera tube. Hence, although
the calculations were made on a different basias, the noise contribution from the
scanning beam will not vary as a function of the fineness of the test pattern being
observed but only as a function of the beam current necessary to discharge the target

of the image orthicon and therefore as a function of the light level.

~e
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RELATIVE CENTER - AMPLITUDE RESPONSE
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SECTION IV
TRANSMISSION SECONDARY EMISSION AMFLIFIER

1. INTRODUCTION

The transmission secondary electron emission amplifier approach to the problem
of increasing the sensitivity of the image orthicon is based on the extensive and
original research and development program instituted by the Westinghouse Electric
Corporation., Basic work leading to an improved understanding of the secondary emia-
sion process has been conducted on & continuing basis in the Westinghouse Research
Laboratories since 1951, From these studies has come fundamental information rela-
tive to the formation process of secondary electrons in metals end insulators (Ref-
erences 2, 3, 4, 5, 6); 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) ard through thin film
(References 9, 10, 11). This background led to the cuggestion of a new principle
for transmission electron multiplication employing thin films of insultating materi-
als by E. J. Sternglass of the Westinghouse Research Laboratories in 1953. 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 « electron multiplier. Previous efforts to incorporate this
rrinciple 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 using thin films of insulating materials as secondery emitters.,

Secondary electron yields from insulators such as the alkaline earth oxides 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 metala., Thus, direct
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experimental evidence is aveilable that the diffusion mean free path of secondary

electrons in KC1l is about 2400 X. as compared to approximately 18 2 in a typical

metal such as gold. This increased path leagth 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. By 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 multiplic ation in insulators stop a
large fraction of the incident fest electrons.

The principle of transmission electron multiplication was developed to the point
where the practical feasibility of utilizing thin insulating films in a plans-paral-
lel arrangement for high-speed counting and imaging was demonstrated in 1955-6 (Ref-
erences 13, 14, 15, 16, 17). More recently, new techniques of preparing the thin
film dynodes were successfully developed, leading to the practical realization of
high gain eand high resolution devices suitable for image intensification applications
(References 18, 19). The principle involved is shown in Figure 26. Electrons emitt-
ed by a photocathode are accelerated and focused on the first secondary electron
multiplying dynode by axial electric and megnetic fields. Secondary electrons emitte-
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



its oprosite side. This process is continued through several stages of electron
multiplication. Electrons from the final dynode are then similarly focused on an
output phosphor where the input image appears amplified in brightness.
2. Trensmission Secondary Emission Dynode Development

This section describes the work done on transmission secondery emission (TSE)
dynodes, both in our laboratory and in related projects at the Westinghouse Research
Laboratories (References 20, 21).
a., Characteristics of TSE Dynodes

A number of different types of trensmission secomdary 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 gocd 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 KCl., The thicknesses used are not
necessarily the optimum as far as yield is concerned. They represent a combination
that gives a significant yield at a reasoneble 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-supporting
films, however, introduce a restriction on size arising from the fact that the great-
er the 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 diemeter, although films up to 1" in diameter
have been fabricated. The urper 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):



l.) Nitrocellulose film is stretched over a metallic ring which has a central
cpening. The film supporting ring is en important consideration in this work. The
structure of the ring must be such that the nitrocellulose sattles down on it without
wrinkling or tearing. After fabrication, the ring is polished mechanically to remove
the gross roughnees 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 rlat. ITnitially, the ring was made of Inconal with
an insida diameter of 3/4%.

The original filming lacquer was made by mixing a number of solvents with nitro-
callulose., 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 spraads ovar the surface of the water and as the
solvents evaporate, color changes take place showin;; that the thickness is changing.
When the color is constant, the ring, which is spring-mounted on a large diamater
. metal disk with a central opening, is 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 to prevent submerging the ring below the surface of the liguid in order to
prodice a smooth, taut film cver the ring. The film is then permitted to air dry for
aprroximately 5 minutes. A pair of tweezers is used to cut away the film which ex-
tends beyond the ring. The films are about 7000 2 in thickness. The nitrocellulosa
f1lms are now baked in an air oven at 110-120°C for one-half hour as a film enneeling

measure.

g

2%) filmed rings are mounted on a support in a vacuum evaporator. Seventy
milligrams of aluminum are evaporated quickly from a tungsten filement which is at
the center of a sphere with a radius of 8", of which the support stand is a section.

Such a geometry results in an equal thickness of Al on all the films,



A deposit of 13.5 ug per sq. cm. results. This is equivalent to a thickness of 500
2 based on the tulk density of Al.

The films are now placed in an air oven and heated for two hours at 250°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. ifter exhausting the bell jar, oxygen
is introduced into the system to a pressure of 3 to 6 mm Hg. The firing cen is then

uniformly heeted with an RF coil at a temperature of 350° - uoo°c for approximately

10 minutes,

3.,) Potassium chloride is vacuum evaporated onto the aluminum to a thickness
of 500 .

Figure 28 shows characteristic curves of an Al-KCl film as a function of incident
energy of primary bombarding electrcns., Total secondary electror emission yields
have varied in the aprroximate range of 3 to 7. Also shown in F{gure 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 S0 volts, are not
focused as well as the secondary emission electrons whose energy is defined as being
less then 50 volts. The greater the percentage of poorly focused electron;. the
grester will be the be the background. The effect of these transmitted primary
electrons on image contrast is discussed later,

Referricg to Figure 2B, it eppsars obvious thst there ie much to be gained ir
operating the tube somewhat below the peak voltage. There is only a relatively small
loss in yield while the secondery to primary ratio is appreciably increased. It
should be pointed out that the "primeries*® are very likely made up of two components,
true incident electrons that pass through the film with more then 50 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 arose
which made it necessary to seek improved types of TSE films. It was found that the
Al-KC1l 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 KCl. Thermal coefficients between the two materials, as well as
that of the support ring, may elso have played a contributing 1ole. To reduce the
probability of film rupture, it waes found necessary to use "slack" or‘wrinkled®
films and reduced exhaust beke 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 slso discovered early in the work that the useful lifetime, based on
secondary emission decay, of KC1l 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 o materials which would have incrased lifetimes.
what is known is strictly empiricel, 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



composed of very small particles situated one on the other. They are of two types,
those that are forumed by evaporating a substance, such as Ban. in a partial pressure
of a non-reacting gas such &3 argon and those produced by burning a metal, such as
magnesium in the presence of air to form MgO. The density o 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 amoke have not been established, certain
important paremeters have been found empirically.

The Mg0 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 descrited
previously with the Al-KCl film,

2.) Aluminum vacuum deposited onto the nitrocellulose film to a thickmess of
500 2 as described previously,

J.) Nitrocellulose film pyrolyzed in en 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 diemeter glass tube. Dynode 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 14 inches of ribbon (1/8 inch x .006 inch) will
deposit about 20 microns of Mg0 if the dynode is removed at the instant

that the burning begins to die off,
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Various amounts of magneaium heve 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 be 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 amoke deposit are shown 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 25 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-Mg0 dynodes could be subjected to an exhaust bake of at least 300°C without ruptur-
ing. It was elso 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 appreciaebly affect the electron
gain measurements. The cause of this "bright spot" phenomsnon 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
BaF, smoke deposits by our Research Leboratories (Reference 21). The Al-BeF, (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 BaF2 crystal
in a 3/16 inch diemeter dimple made in a 1/4 inch wide thin strip of tantalum. The
dynodes are placed about 3 to 3.5 inches above the dimple. After evacuation of the

bell jar to approxime tely 10'5 mm Hg, argon is admitted to a pressure of a few



8¢, Total Secondary Yield

© Totol Secondory Yield (8,)

A\

A\

40

94

= 35

(= -30
Dynode No. I °
° ~
5004 ]
~20u BoF >
- # ¢ Secondory / Tronsmitied i
Primary Rotio (A) E
a
he)
&
- 420 E
w
(=
2
-
~
Fod
= H15 9
[ =
[=]
v
@
n
<

10

Froction Transmitted 18

Primories (n)
1 ] 1
[0} ! 2 3 4 3 6 7 °
Kilovolts (primory enerqy)

Figure 30. Yield Characteristics of Self-Supported AlL’;aF2 Film



millimeters and the tantalum strip is slowly brought up to temperature. Because

BaF, 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 empiricel methods, High gain end low fractions
of penetrating primaries serve as a criteria. In an improved method, the dynodes

are mounted on a table which turns in vacuum by means of roteting 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 en Al-BaF, film
ere shown in Figure 30, Electron gaine as high as 8 have been achieved in sealed-off
tubes. Smooth, self-supporting Al-BaF, films have been fabricated capable of with-
standing an exhaust beke of at least 300°C without rupturing or wrinkling. Success-
ful use of Al-BaFo (smoke) dynodes is now being made in image intensifier tubes
(Reference 21).

During the course of our work with smoke deposit films, an Al-NA3Al F6 (cryolite)
film was developed to eliminete the limitations of the zarly Al-KCl dynodes. The
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 1/4 inch diameter dimple in a thin strip of molybdenum. The
dynodes are pleced in a support 8 inches above the dimple. After evacuation of the
bell jar to approximately 10'5 mm Hg, argon is edmitted to a pressure of 175 microns
and the molybdenum strip is 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 es vacuum evaportation were tried in addition
to changes in the amount of cryolite. JSmooth, self-supporting Al-Cryolite films,
3/4" in diemeter, have been fabricated capable of withstanding an exheust 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 demounteble tube into which various alkell metal
vapors were subsequently introduced to determine the effect on 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 alkeli-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 withstend tube processing, the next step was to check
their 1lifetimes under electron bombardment. Figure 32 shows comparative lifetime
curves for these materials and for Al-KCl. The curves have been normalized, The
curves clearly show that both Mg0 and BaF2 have longer lifetimes than KCl. Note
that the secondary yield of Al-KCl films decreases by 50% after 5 hours operation
with an input current density of 4 x 10'9 amp/cm2. Recent Al-BaF2 dynodes have dem-
onstrated a half life of more tham 25 hours under the same conditions. In an image
orthicon, using three TSE dynode stages with en approximate overall electron gain of

11 amp/cmz. Tre-

100, this input current density could be reduced to the order of 10~
sulting in an increase in dynode life. This increase arises becsuse of the inverse
dependence of lifetime on current density as indicated in Figure 33.

While substential advances have been made in the development of TSE dynodes,
some problems remain to be solved. Although film rupture during tube processing has
been reduced appreciably, occasionel breakege is still encountered with self-support-
ing films during operation of the tube. While the reason for this breekege 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 fubricating dynodes using high transmission (99% open area),

fine wire (.0005* 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 anguiar
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 importanmt phase of
the work has concerned itself with the determination of these energy distributions,
A knovwledge of these energies would make it possible to determime whether a given
materiel is feasible as an emitter,

The original work on the Si0-Au-KCl combination revealed that the energy distri-
bution of secondaries from such films showed a mean energy of about 2 volts. When
these measurements were attempted on the Al-Mg0O and Al-BaF2 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 Si0-Au-KCl and the other Al-MgO. In both caeses, 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 -50 volts has been subtracted out. Measurements on Al-BaFp

have given results similar to that of Al-Mg0.
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d. Fg;ther Investigation of TSE Dynodes

Whereas the early TSE dynodes employed vacuum evaporated solid films of alkeli-
helides 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 fisld. This leads to the conclu-
sion that the surface is cherging thus causing high internal fields. The irfluence
of such internal fields on the escsps mechanism is not yet understood. It has also
been found that alkali vapors tend to further enhance the secondeary emission yield,
often increasing the yield to many times that observed for the solid insulator de-
posits., Generally, secondery emitters show a decrease of initiel 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 dymodes.
3. Experimental Tubes with TSE Amplifiers

a. Experimental Image Orthicon Tubes with Pre-Scanning Beem TSE Amplifiers.
Operable image orthicon tubes with two stages of self-supporting dynodes have been
constructed, with resolutions of 400 - 500 TV lines per inch being achieved. Dark
current has been reduced to permit quiet operation of tubes at the higher voltages
recuired 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 Stages
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sensitivity adjusted to 100 ua per lumen, exceeded somewhat that of the Westinghouse
wL-7198.

Many problems remain to be solved in achieving a tube significantly more sensi-
tive than the standard image orthicon, using the TSE 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 metial 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. Connectioms 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 comnect 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 standerd 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 - 160 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 M 7,
using a metal cylinder electrode system. It will be noted that the curves are norm-
alized for a 100 ua per lumen photosurfate. The method of comparison of performance

is based on the fact that photocathode current is directly proportional to the



illumination level over the range of interest. Thus, for an image orthicon tube
having a photocathode sensitivity of S microamperes per lumen to have the same reso-
lution as a measured tube having a photozathode sensitivity of 10 ua per lumen, the
light level for the former would have to be 10 times the light level for the measured
tube. The actual performance data for tube sc 5, for example, was 465 TV lines per
inch at a photocathode illumination of 1 x 10'l ft. candles and 200 TV lines per

inch at 6.5 x 10’“

ft. candles with a measured photocathode sensitivity o 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 350 TV lines were
observed on the CRT wonitor., Referring this to the 3/4® diameter of the dynode gives
a resolution limitation of 465 lines per inch.

As has beeﬁ shown, the resolution capability of image osrthicon tubes with TSE
dynode stages have been reasonable at the higher light levels where quantum population
at the rhotocathode 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 cemera 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 secticn 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 2-Stage
TSEM Image Orthicon



thermionic emission, and stray light photo-emission fram the photocathode and other
electrodes in the image section. A8 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. By 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 contaminationa resulting from TSE film bombardment and decomposi-
tion. Measurements on recent TSE 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 $o the higher target bombarding voltage usual-
ly used. Measurements of target gain vs. primary voltage in stendard image orthicon
tubes have shown a decrease in gain amounting to somewhat less than a factor of two
at voltages up to 1200 volts, We can conclude then that additional factors are con-
tributing to the epparent 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 loas in tar-
get gain would be the use of the high gain, thin film target developed under our Con-
tract AF33 (616) 6422, Another approech to the problem would be to coat the writing
surface of the standard image orthicon target with a material such as Mg0 which ex-
hibits maximum secondary emission yields at higher primary energies than the normal
glass surface. The problem of possible interaction between the bombarded TSE dynodes

and the target surface would remain to be investigated.



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. The
additional mesh on the dynode side of the final stage would be operated at a suf-
ficiently high positive voltege with respect to the final dynode end collector mesh
to permit the acceleration of secondary electrons across the final stege and then a

deceleration to the turget. For exemple, the following voltages mey be used:

Final dynode: ~500 volts
Interposed mesh: +500 volts
Collector mesh: 4+ 2 volts
Target: (¢

3) 1Interaction 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 grsdual decomposition of
the secondary emitting insulator layer of the film. The products of decomposition
may have sn sdverse effect on photocathode sensitivity. Although 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 eerlier, the effects of the
alkali vaypors, used in the processing of multi-elkali photocethodes, on TSE dynode
yield ss well ss tsrget gain would also constitute an area of investigation.

L4) Decresse in oversll gain of multiplier section in outjut of tube. Recent
tests have shown that the gain of the multiplier section of TSE tubes is apjreciably
below that of standard imsge orthicons. This appesrs to be related to the higher
mugnetic focusing field intensities used in TSE tubes. It has been found possible
to increase this gain bty the use 0. a lower magnetic field intensity in the scanning

section of the tube, together with a redesign of the final stsge of the image section.
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5) Effect of penetrating primary electrons. Exemination of a resolution pat-
tern image produced by a typical TSE tube, shown in Figure 38, indicates approximately
4-5 shades of gray. The effect of primary electrons that have penetrated dynode
films is discussed in detail in another section. This analysis does not show any
serious degradation in image contrast due to penetrating primaries., In practice,
light reflection from the first dynode end high energy backscettered electrons from
the dynodes and target will act to further reduce the contrast of the reproduced
image., It is known that appreciable amounts of light ere transmitted by the photo-
cathode. In the TSE tube such light strikes the shiny eluminum surface of the first
dynode and is reflected back to the cathode where it liberates electrons. If tl.e
light is reflected back precisely along its incoming path, it would simply add ed-
ditional electrons to the signal. If, however, the incoming light makes a small
angle with the normal, each element of the reflected imege will reach the photosur-
face displaced from its original position. The electrons released as a result of
this p;écess have a serious degrading effect on the image. It is obvious that this
reflecting surface must be covered witk some non-reflecting substance such as ali-
uminum black. Some work has been done along these lines, Figure 30 visually shows
the beneficial effect of blackening.

b. Transmissjon Secondary Emjissjon Image Intensificr

Investigation of transmission secondary emission dynodes had led to the develop-
ment of a multi-stage image intensifier by our Research rLaborstories (Reference 22,
23). As shown in Figure 26, 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 seversl stages of electron multiplication.

Electrons from the final dynode are then similarly focused on an output phoaphor



Figure 40. Image of Resolution Pa ttern 2-Stage
TSEM Image Converter Tube



where the input image appears amplified in brightness, FExperimental multi-stage
tubes have been constructed using various types of TSR dynodes. Figure 40 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-BaF, dynodes supported on electroformed mesh with about 99% cpen area. These
tubes have electron gains of 1200-2400 when op2rated with interdynode voltages of
4 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
i3 essentially due to the amplified room temperature emission from the photocathode.
It is concluded that transmission secondary emission in this metal-insulator
film offers a relatively simple and reliable method of constructing image intensi-
fiers which closely approach photoelectron noise limited performance. Therefore, a
lens coupled TSE image intensifier and image orthicon introduces another approach
to increasing the sensitivity of a television camera tube, Fven taking into consid-
eration the light losses due to optical coupling, the photon gain is sufficiently
high to approach photocathode noise limited perfermance.

4. THFORFTICAL RESOLUTION LIMITATIONS OF A TRANSMISSIOW SWCONDARY EL<CTRON
FMISSION AMPLIFIFR

The theoretical limitations of resolution of a transmission secondary
emission amplifier, using combined electrostatic and magnetic focussing in a plane-
parallel electron optical geometry, are treated in a report by H. Kanter of the
Westinghouse 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 interstage spacings. )

In general, the resolution capability is inversely proportional to the

diameter of the circle of confusion astablished at the plane of focus as a result

of these electron optical parameters. The resolution per amplifying stage in the



image section can be expressed by the following relationships.

Due to spread in initial emission velocity,AV,, of secomdary electrons:

RaVy = _1 e
23
Due to variation in magnetic flux density, AB, of axial magnetic focusing
field:

R =l 1'B -
AB VaEy, Kg‘ §2)

Due to variation in electric field strength, AE, of applied electric field:
fax = \/‘9—3‘ = e

Due to variation in distance, Ad, between parallel planar'electrode:

aa " za \/_8?& (4)
Where: d = distance between planar electrodes of amplifying stage
Po = voltage corresponding to the average initial emission velocity
ﬁa = voltage across amplifying atage
B = magnetic flux density of axial magnetic focusing field
m = electron mass
e = electron charge
n = number of loops per stage described by electron in spiral
path perpendicular to the magnetic field.
Assuming a gaussian distribution in electron current density across the circle
of confusion and using the independence of all the above factors, one cun calculats
the total resolving power of one stage by the following equation.

. S (5
1 :\/Ll_z - T e
RSt&gP RA RaB< 1

-+

The 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 TST multiplier stages.

TABLE I
(#e =3500 volts, % volts)

d 8135} 2.0 3.0 inches
Rav, =1 9 1165 874 584, lines/inch
Po
RAE =1 =] E
T Voo SF | 5580 4180 2790 lines/inch
for AE = .01
r
Rog=1 /¢e
Ad=o Ve,
for Ad 015 in. 2786 2786 2786 lines/inch

Table II shows the resolution limitations for typical photocathode multiplier

stages,
TABLE II
( ¢e = 3500 vow.s volts)
4 155 2.0 3.0 inches
Ravo 4660 3500 2335 lines/inch
Rug
for AoE =.01 11,160 8360 5580 lines/inch
E
Rad
: 2 2 2 lines/inch
for &d = .,015 1n. 2 ot i Ree/dns

Table III shows the resolution limitations for

stages.

typical TSF multipliers target
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TABLE III
(o =500 volts, ¢° = 2.0 volts)
d 0.57 0.76 o5 inches
Ravo 440 330 220 lines/inch
RaE
for 4E = .01 5580 4180 2790 lines/inch
E
Rad
for Ad = .015 in.| 1056 1056 1056 lines/inch

——

TABLE IV

( ¢°= 1,000 volts, a°=2.0 volts)

Tgble IV shows the resolution limitations for typical TSE multipliertarget

s

sages.
d 0.8 1.07 1.6 inches
R 625 467 312 lines/inch
av,
RyE
= 5580 4180 2790 lines/inch
for 4F = .01
E
RAd
for,; = .015 in. 1490 1490 1490 lines/inch

Figure 41 is a nomograph showing the magnetic flux density as a function of

electrode separation and the number of nodes in the electron path for a range of

stage voltages,

It i3 useful in readily establishing a consistent set of electron

optical conditions assumed in the resoiution limitation calculations.

Table V shows the resolution limitations as a function of magnetic field

density where R ,p = 3.3, X 10°%3 . B_
n B

3

Fa\
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TABLR V
B 165 124 82 gauss

"i§ll. = ,02 1400 1052 685 lines/inch

AB_
n =1 B = .0l 2800 2104 1391 lines/inch
AR = .005 5600 4208 2782 lines/inch

B

n = 2 1400 1052 695 lines/inch
?fLF .01 n = 3 933 701 464 1ines/inch
I n = 4 700 526 348 lines/inch

Table VI shows the total resolution per stage as determined by the

combining formula for resolution given in Fq. 5.

TABLE VI - TOTAL RESOLUTION PFR STAGF
d ad Vend ¢o AF B AB Resolution
in, inches Kv Volts E Gauss | B n | lines/in.
Typical 1.5 0.015 3¢5 20 T 001 165 1“0 3 “75331;‘
Multiplisr 2.0 JOL5 345 20) ¥o)| 12 | o1 1 760
Stage 3.0 .015 3.5 2.0 .01 82 | .01 1 518
Cathode 1.5 .015 BiY 0.5 | o.o1 | 165 | .01 1 2160
Stage 2.0 .015 3.5 0.5 .01 124 | .01 1 1680
3.0 .015 3215 0.5 .01 g2 | .01 1 1142
Target 57 .015 5 2.0 .01 65 | .01 1 400
Stage .76 .015 «5 2.0 .01 B | W 0l 310
. 1.5 .015 65 2.0 .01 82 .01 1 212
.8 .015 1.0 2.0 .01 165 | .01 1 561
1.07 .015 1.0 20 1 | I3k |00 1 433
1.6 l .015 1.0 2.0 .01 82 | .01 1 296

Table VII shows the overall system resolution for multi-stage tubea as

computed by a combining formula of the type given by Fq. 5.
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Table VII shows the overall system resolution for multi-stege tubes as com-

puted by a combining formula of the type given by Eg. 5.

TAELE VII
OVERALL SYSTEM RESQLUTION

Qverall Rescolution

B Cathode Stage | Multiplier Stage Target Stage| 3 Stage L Stage
Sauss | _ Lines/in Lines/in. Lines/in. Lines/in. Lines/in.

82 1142 518 296 226 207
124 1680 760 433 330 302
165 2160 985 561 428 393

e
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 the photocathode, are not considered. The other donditions assumed in the calcu-
lations, such as variation in magnetic focusing field intensity, variation in
electric field strength, and variation in stage spacings are only estimated values
representing more or less practical design limits. The contribution due to these
uncertainties may be kept fairly low. However, rauial variations in field strength
as well as non-parallel plucement of the dynodes give use to image distortions
which are not considered in the znalysis. The main factor influencing resolution
capubility appears to be the spreac in initial emission velocity particularly
for large electrode spacings. Nevertheless, the calculations give a rough approx-
imation of the limits in resolution which could be achieved with transmission secon-
dary emission umplifiers.

aS an example, derived in Table VII, the theoretical analysis preaicts an

image section resolution capability of 4<8 TV lines per inch far a three dynode

stage tube, under the following aesumed conditions;
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Cathode-dynode stage and interdynode stage voltage: 3500 volts

Dynode-target stage voltage: 1000 volts

Cathode-dynode stuge and interdynode stage spacing: 1.5 inches

Dynode-target stage spacing: 0.8 inches

Magnetic focusing field intensity: 165 gauss

Variation in electric field strength: 1%

Variation in stage spacing: .0l15 inches

Mean energy of electrons emitted from dynode: 2 volts

Variation in magnetic focusing 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
Al-KC1 film. 4As pointed out in a previous section, the average energy of secondary
electrons emitted by the more recent "smoke" type ISE 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:

R =1 dge

Vo 24 (e
where: Rvo = limiting resolution
a = stage spacing as determined by given stage voltage and
magnetic focus field iatensity.
¢e = stage voltage
¢o = voltage corresponding to mean energy of emission

Applying this to the final dynode-target stage:

d = 0.57 inches
¢e = 500 volts
¢0 = 2 volts

220 line pairs/in. = L4O lines/in.

o o]
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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 RVo 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 ve 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.

As shown by the calculations, the main factor influencing the resolution
limitation is the spread in initial emissjon velocity particularly for large elec-
trode spacings. The interdynode spacings used in the experimental bubes were de-
termined primarily by a desire to operate the tube in a uniform magnetic focusing
field both for the image section and 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 wus decided
to design the structure to perform in a uniform, relatively low intensity magnetic
focusing field.

It is interesting to note that applying the foregoing resolution limitation
analysis to the image section of a standard image crthicom, assuming pluneparallel
electron optics, results in a resolution capability well below that actually observed.
This indicuates that the predicted resolution performance may be on the conservative
side.

5. THLORETICAL LIMITATIONS IN CONTRAST OF A TRANSEISSION SECONDARY ELECTHON
EMISSION AMELIFILR
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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 50 volts., Such 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 Westinghouse Hesearch Laboratories and shown in
Appendix III. The analysis is carried out assuming that «ll primaries are stopped
after one penetration ani converted into secondaries with the same efficiency as
are focused secondaries, This assumption should result in the maximum possible
degradation of contrast due io penetrating primeries. The results for a three
stage TSEM structure using 2 inch spacings between dynodes are computed in the
following paragraphs,

The number of electrons in the halo produced by the penetrating elecirons

relative to the number of electrons in the signal spot is:

Malo = (n-1) 7182
N : * g1 * %i

S
where : n = number of stages = 3
'7 1l = number of penetrating electrons per incoming electromn = 0,2
8 1l = secondary euamission ratio for secondary electrons = 5
$ 2 = secondary emission ratio for electrons which have penetrated

the preceding dymode film and srrive with an energy larger
than that of the signal electrons = §

therefore:

thalo = 0.12
Ng
The ratic of signal spot area to area of the halo is given by:
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= 2
R
where: k = number of revolutions per stage of secondaries = 1
R = resolution in line pairs per mm = 8
d = interdynode spacing in mm = 50
& = gaverage energy of the penetrating electroms relative to the

primary energy = 0.0

@ = scattering wngle of penetrating electrons = 20° - 30°

therefore: .L£ = 2,1 X 10~k
F

The ratio of the brightness in the signal spot to the brightmness in the

surrounding halo for & single point becomes:

B,
( i ) =Mhalo , £= (0.22) (2.1 x 10°h)
Bs /point N3 F
Bi=2,5 x 105
B3

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 add up and thus the contrast decreuases. 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 estiuates,
since we considered only the most important group ot penetrating electrons, uamely,
those which have penetrated « film once. Those electrons which penetrated more
dynodes will give rise to a decrease in the above contrast figures. &lso, electrons
back scattered from a film will introduce additionsl buckground brightness. Because
of this complexity, it is difficult to account for the effects of all these "back-

ground" electrons in a reliable way. An experiment must give the answer.
g
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Nevertheless, the equations developed here show the importent factors involved

in the contrast of en imege.
1, The penetration ratio 7 should be as small as possible.
<. The yield for penetrating electrons 32 should be as suall
as possible compared with the yield 81.
3. The resolution of the system should be as high as possible.

4. The ( & 3in ¢) of the penetrating electrons should be maximized."
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SECTION V
FRONT SURFACE SECOMDARY ELECTRON EMISSION AMFLIFIER

1, INTRODUCTION

As explained in a previous section of this report, theoretical calculetions and
experimental meesurements agree that noise iutroduced in the scanning process is a
principel 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 photocathode, by use of a
low noise image emplifier between the photocathode and the terget, or by use of a
target with a higner secondary emission ratio for increased target gain., Early in
the term of this research, we decided jointly with the Alr Force task scientist to
devote our major sffort to the second course of saction, and to concentrate on image
eamplifiers using frout 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 irn future airbuine appiica-
tions, and to choose an area of effort which was not at that time, as far as we
know, being explored in any other laboratory. It was realized that the resolution
of the resulting electronic image would be poor, but the prospect of obtaining &
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 & picture televised at very low light levels is
limited by statistical fluctuations in the photo electron emission current. We
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 rather limited resolution and gain., Two main problems



arise in applying the principle of front surface secondary emission amplification to

image intensification.

-

a. Sacondery electrons emitted from solid surfaces bombarded gy relatively
high energy primary electrons have & broed range of initial velocities. A typical
emission energy distribution is characterized by two main groups of electrons, one
having energies up to severel 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 group, 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
plene of focus. This effect is analogous to the phenomenon of chromatic aberration
in 1ight optics terminology. Since it is not poasible to focus all secondary elec-
trons, even in the low energy group, one usually compromises bty designing the elec-
tron optical system to focus the most probable emission energy, normally about 2
volts. Electrons with different initiel 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 degradatior in resolution and contrast.

The general approach taken in all of these tubes is shown in Figure 42. The
device consists esseniially 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 succeasful version, these dynodes vere

vlaced close to the target collector mesh s that the photosurface could be formed
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in the normel 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
ouly 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 mesh metal screen, 1In
both cases, the electron bombarded surfaces of these dynode structures were processed
80 a3 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 then 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 mcans of covering and evaluating all the various avenues of approach that were

investigated.
2. VENETIAN BLIND MULTIFLIERS

Although very few experiments were made wiih the inclined slat venetien blind
type structure, certain techniques were devised which are recorded here for reference.
In general, the vane structure was made from ,005" or thioner 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 sttempt was made
to achieve a fine structure of 50 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

5 per stage, but gave extremely poor resolution and contrast, which so degraded the



image that the threshold sensitivity was 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 cross section was like the shape of sawteeth. The {hin metal sheet was laid
over the surface of this die and pressed into the grooves with a rubber platen. Ly
suiteble design, the unformed metel 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 exposec the resist from a single light source
placed at an angle so that each vene would shadow the area behind it which was to be-
come a slot in the final dynode assembly. The unexpm ed resist would then be washed
away from the slot area, and the slots opened by acid etchinge.

After formation of the venetian blind structure, the secondeary emission surfaces
were prepared by oxidation prior to insertion into the tube, using a schedule similar
to that employed in the processing of image orthicon dynodes. In general, this pro-
cessing schedule consisted of the following:

(1) Dynoces inspected for freedom from excessive burr, holes, tears, or broken

vanes,

(2) 4Arranged dynodes in firing cen and placed in vacuum bell jar.

(3) Exhausted tell jar down to approximately 10 mm Hg pressure,

(4) Introduced water vapor to pressure of 300-600 microns Hg.

(5) Uniformly heated firing can with RF coil until dull red color (approximate-

1y 650° - 700°C) is reached,

(6) Reduced RF power and continue heating firing can for four minutes.

(7) Turned off RF power while continually edding water vapor to maintain

P

pressure of 300-600 microns Hg.
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(8) Allowed firing can to cool and exhausted system to a pressure of approxi-
mately 5 microns Hge

(9) Introduced air into system until pressure reached 300-600 microns Hge.

(10) Uniformly heated firing can with RF coil until dull red color (approxi-
mately 650° - 70000) was reached,

(11) Reduced RF power and continued heating firing can for four minutes.

(12) Turned off RF power while continually addiﬁg air to maintain pressure of
300-600 microns Hg,

(13) Allowed firing can to cool and removed from system,

(14) Dynodes siiould have a shiny straw colored appearance. Rejected for overe
oxidaticn (derk color), under oxidation (metallic silver color), end signs
of conteminatioue.

At this time, however, the work with the transmission mesh multiplier structure
began to show mmore promising results, and we chose to shelve the venetian blind ap-
proach. This decision was besed on our belief that the resolution obtainable from
such a structure could not be finer than the dimensions of the venes, Since our
initial mesh multiplier experiments had been performed with 500 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 seewmzd rather compelling,.

3. TRANSMISSION MESH MULTIPLIERS
a. Theory

One method for obtaining planar secondary emission dynodes from which the sece
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 43, a metal mesh is coated with a good secondary emitting material, snd
bombarded by the electromagnetically focused electrons from the photocathode, Those

primary electrons which strike the mesh bars cauase liberation of seconderies whiash
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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 celculated as follows, Since the primary elec-
trons will have been accelerated through a potential difference of 300 to 800 volts
vefore they approech the mesh, their paths will be essentially straight end 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 emissior 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 projposed a method of bringing electrons with two widely
different initiel velocities to a focus in the same plans by a combination of proper
specing and voltages between screens. {Rcference 2l)

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 = %2_ = ™ +8 @) 1,7

1 i,

Where G = electron gain of dynode
i, = cwrent leaving at dynode
11 = current arriving at dynode

T = optical transmission of mesh
d= secondary emission ratio of dynade surface
6= T + 87 (1-1)
In this case, we assume that the secondary electrons are all emitted back toward
the photocathode, that they are turned around end rain down on the mesh, and that

they are also not influenced by the field perturbations around the meeh 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 pasa through the
mesh holes. This factor is added to the egquation:

G=T+ gdT (1-T)
where g usually has a value between 1 and 1/T.

The importance of achieving a high secondary emission yield from the surface of
the mesh bars, as well a8 high g or a secondary electron extraction factor, is ap-
parent from this analysis. For a typical mesh with a 50% optical trensmission, a g
factor of 1.2, and a secondary emission ratio, 8 . of 6, the electron gein per stage
will be only .5 + l.2x6x.25 = 2,3, which compares poorly with a gain of 5 per 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 occurred 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 resoclution in the amplified pattern. Initially, our multiplier dynodes
consisted of sterdard electroformed copper mesh with 00 mesh bars per inch and 65%
optical transmission, normally used 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 photocathode 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 as having
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reasonably high seconcary electron yYield at comparitively low primary voltages,

Initially, the A§-Q:§s secondary emitting surface was prepared according to the
following processing schedule:

(1) Mesh structures located in vacuum bell jar and system exhausted to preasure

of approximately 10=9 mm Hge

(2) Evaporated approximately 100 j of silver on surface of mesh,

(3) Mounted mesh dynodes in tube with silvered photocathode.

(4) Tube sealed to exhaust system and baked,

(5) Silver surfaces of mesh dynodes oxidized by introducing oxygen into tube
to prossure of several millimeters Hg, with pumping system cut off.

(6) Applied RF glow discharge to mesh dynodes. Resulting color changes on
dynodes surfaces ovserved until they hsd passed through the yellow and
red stages and reached blue, when the discharge was discontinued.

(7) Cesium added to dyrode 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 600 volts positive
with respect to the dynode mesh. The dynode electron gain was found to have & max-
imun 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 secondery 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-scenning beam
emplifier tube, a 14 pin image stem was designed and fabricated by spacing seven
additional pins on the same circle diameter, mid-way between the pins of the stand-
ard stem, Clearance holes were drilled in the standard image orthicon shoulder
aocket 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 imege orthicon cameras,

As the first approach to obteining e 3-stage mesh amplifier, a design was
adopted employing a dusl image section. In this structure, electrons from the
photocathode spiral through one magnetic loop of focus onto the first mesh multi-
plier dymode, Secondary electrons from this multiplier are then accelerated onto a
close-spaced second dynode to minimize the lateral spread, Similary, secondaries
from the second dynode are then accelerated onto a close-spaced third dynode end
finally secondary electrons from this dynode spiral through another loop of msgnetic
focus onto the target. In this %ype of structure, the multiplier section could be
built ianto the electrode structure prior to the image bulb to stem glass seel since
it wes 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 imege sesl,
by the standard means of passing it through the 2* diameter neck and installing it
by use of a long manipulatcr. A schematic diagram of the tube structure is shown
in Figure fij. To use this tendem image section, it was necessary to increase the
image bulb length to approximetely twice that of a standard image orthicon and a
special long magnetic focus coil was designed and constructed to test these tubes.
Four tubes of this type were constructed each having three Ag-0-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 spacings of .010" and ,015" were made inoperable
by the fact that the fine mesh screens collapsed toward one another due to the une-
equal electric fields on either side of the screens., This difficulty was eliminated
in later tubes by increasing the multiplier spacing to .050®, 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 imeasurements 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 calculeted from en assumed secondary emission
ratio of 10 and an electron extraction factor, g, of l.2.

An effort was made to improve the processing of the Ag-0-Cs secondary emitting
surface by forming the silver oxide 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 outgassing without ce-
composing the silver oxide. A change to oxidizing the silvered surfece of the mesh
by using a d.c. glow discharge between adjacent dynodes, during tube exhaust, ree
sulted in somewhat better control of surfece color, but no increase in electron
gain. Continued unsuccessful attempts at producing Ag-0-Cs surfaces with high sec-
ondary emission yields led to a discontinuation of work on these suirfaces, As the

time we attributed the poor results to the following factors:

l. A critical step in dynode processing consisted of adding cesium to the
silver oxide surface during the normael formation of the Bi-Ag-0-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 preparastion 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.

120
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On the basis of our 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 uOOOC 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 evaporatively coat the mesh with silver and
maegnesium to simulate the conditons 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 evaporaiedon one side of a 720
wire per inch electroformed copper mesh with an optical transmission of 554. The
magnesium wes then oxidized prior to insertion into the tube structure. With this
technique, a maximum electron gain of 4 was obtained.

During the time that these measures were being taken to improve the secondary
emission yield of the surfaces, the tube structure wes revised to place the trans-
mission mesh multipliers immediately &d jacent to the imege orthicon collector mesh,
so that only one magnetically focused image section wes used between the photocathode
and the first mesh dynode. Lateral dispersion of the seconderies was again to be
limited by use of close inter-dynode spacing and high peraxial esccelerating fields,
This design change avoided the prodblem o our inability to focus megnetically both
the secondary and penetrating primary electrons, It wes accomplished by devising a
buldb sealing process which would permit installing the multiplier mesh befare the
seal without heat damage., The revised tube structure had essentially a standerd
length image section and hence could be operated or field tested in a standard image

orthicon casmera with only the addition of a special shoulder socket and a Ligh voltage
pover supply.



Despite the changes outlined above, resolution end contrast were poor on these
tubes whenever the tube wes opereted in the amplifying condition and electron gaia
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
photoemission was found, the resulting photocurrent was less than 1Z of thet meesured
from the photocathode, and we discarded this factor as e ceuse of poor imaging. Sev-
eral single stege multiplier structures were made in which the photocathode side of
the copper mesh was ocated with silver end maegnesium, but in which the reverse side
of the mesh was coated with gold, which wes expected to act as a getter for cesium.
come of these structures showed gains as high as 3.5 at 400 volts compared to 2.5 for
structures without gold. Inconsistency in these results, however, discouraged us
froun pursuing this technique.

c. Use of A Shaped Mesh Structure

A second ssries 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 chennel the secondary electrons perferen-
tially through the nearest mesh hole to improve resolution. Basically, this consisted
of attempts to meke mesh bers with ridge shaped feces, 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 dynode
experiments described in the preceding section. The reasoning governing this approach
is es follows:

1) For most materials, the secondary emission ratio varies es a function of the
angle of incidence of the primary electrons, having a minimum for normal incidence
and frequently e significantly higher value for angles spproaching grezing incidence.
By use of the triasngular cross section or simjlary shaped mesh bars most of the

nearly paraxial primaries could be made to strike the surface at an sngle to the



normal, which should increase the secondary emission yield.

2) Work on secondary emission which had been performed by Dr. Helmut Kenter of
the Westinghouse Research Laboratories indicated that the distribution in emission
angle for secondary electrons did mot follow the usually assumed cosine function
about the normal to the surface if the primary electrons approached the surface at en
oblique angle. Instead, Lis results at that time indicated maximum secondary emission
along the direction of a speculerly reflected rey. 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
hole was beneficial and hoped through use of sufficiently strong fields to urge the
seconderies 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 tranamitted 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 cambination of mesh
bar shape, mesh thickness, hole size, and inter-dynode spacing, a series of two di-
mensional structures were 8set 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 wve had been using, an isosceles triangle



cross 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
initiaelly horizontal stretched rubber membrane was distorted vertically by amall
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 hhighest 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 conclusiors 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. Hsre, emitted electrons see a strong
retarding field and ere repelled back intc 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 im 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 deed areas.

3) The venetian blind type structure is still more efficient since it may be
made nearly impervious to primary electrons, 8o that all primaries will strike a vane

and result in secondaries.

The efficiency of a mesh multiplier, which is defined as the fraction of



secondery 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 tho mesh, but also on the relative registration of holes and mesh bars in
succeeding stages. Unfortunately, the obvious means 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 steges 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 Midwey Laboratories of the
University of Chicago. His work and that of McGee in FEngland 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 leteral trans-
fer of electroas from one channel to another. Unfortunately, the spacing is so close
as to require use of a physical dielectric between mesh bars for insulation. surns
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
area on the next, though we did not choose to attempt to follow this approach, partly
because of the formidatle technological problems, some of which still exist, and part-

ly because we preferred to avoid duplication of Research approaches as a matter of



Figure 45. Photomicrograph of 720 Lines/Inch Shaped
Electroformed Mesh 1200 x Magnification



policy.

Our experimental work to produce useable mesh with specially shaped croas
sections followed these approaches:

1) Starting with an existing high transmission fine electroformed copper mesh,
we plated additional material onto the mesh bers while forcing the plating solution
through the mesh holes., The moving electrolyte ceused selective plating which re-
sulted in triangular cross section mesh bars. A cross section of some sample mesh is
shown in Figure 5. 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 meke
fine mesh structure with inclined bars like a venetian blind Aynode.,

3) Electroformed mesh is normally made through use of a glass "master®, a flat
glass plate into which a pattern of shallow groovera 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
groovea. The master ia then placed in a carefully controlled copper plating bath
and the grooves plated full of copper. Very little control of mesh bar shape is ob-
tainable, since the etched grooves are inherently shallow and nearly cylindricale.

To obtain electroformed triangulear shaped mesh bars with a2 amall included vertex
angle, we needed a master with triangular grooves. Dluring this research program we
worked briefly with scientists of the Corning Glass Works in an attempt to make such
a master from Corning Fotoform glasas. The solubility of this glass to an acid etchent

can be altered by a factor of 7 to 1 by exposure to ultraviolet light and subsequent
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development. By appropriate exposure, development, end etching from ¢ne 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 peint because of concentration on other problems.

4) 1In 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 meke its furface conductive. We also worked with Corning to

obtain mesh with triengular 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 ettempts to form a secondary emitting surface cn
electroformed copper mesh had yielded maximum electron gains for a single dynode
stage tube of at most l, and 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 end 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 Buckbee-Mears to have it se-
lectively etched to form a mesh having 100 holes per linear inch in a squeare erray
with 502 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. Ferformance data of several
such structures is shown in Figure 46, As can be seen, a current gein of 4 to 6

could be obtained reproducibly when 600 volts was applied between the photocathode
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and the dynode of & single stasge multiplier structure. One tube showed & multiplier
current gein of more than 8, From the formula given earlier, even if one assumes
100Z use of the secondary electrons (8 = %). this data indicates secondary emiasion
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. Measuremcnts 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 enlirely reiated to the 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 dynode 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 oppoaite 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 dyrode and allow the secondaries to leave the surfece and proceed through the
open aveas 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 astructure were about .050*. The intermediete field control
mesh operated at verious voltages und the resulting gains are shown plotted in Figure
48. This deta 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 the following dynode with satisfactory results. As shown in Figure 48
this arrangement gave current gaims for two stages as high as 25 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 thresholc light
performance was found, Iwege quality in terms of resolution and contrast was poore
This was only partially attributable to the lower than normal photocathode sensitivi-
ties obtained in these early experimental tubes.

To isclete 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 imege 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 tranzition 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, psrticularly at the surface of the first multiplier. The image section
structure is such that the secondary electrons are amitted from the surface of the
first multiplier screen into the rather weak electric field between the photocathode
and dynocde snd trajectory calculations were made to show that seccndary electrons
enitted at the first multiplier with an energy of 1.5 electron volts may pass

through openings in the screen .15° from their point of origin, thereby forming a

circle of confusion



.03C" in diameter. This alone would establish a limiting resolution of about 30 TV
lines, which agreed reasonably well with the observed diffusions in the image of the
white to black transition. Secondary contributing causes of poor ressclution were
also considered., These included the effect of reflected light from the shiny
multiplier surface which resulted im 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 appraisal c¢ould be mede, the majority
of the experimental tubes constructed were confined to a single stage of amplifica-
tion., =any 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 sec#ﬁdary 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 gradiect preceding
the first secondery emitting surface. By proper adjustment of this electric field
it should be possible to limit the lateral travel of the secondary electrons ideally
from the mesh ber of origin to the adjacent screen opening. This control was ac-
complished by inserting a high transmission 100 wire per inch tungsten mesh .050" in
front of the multiplier screen and electrically insulated from it. The effect of
this field control mesh on the secondary emission yield of the first multiplier
screen was then considered, Figure 50 shows the single staege current again &s 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 without com-
plete losa of electron gain, but unfortunately this was not found in the experiment-
al tubes utilizing this feature, Apparently other factors were playing an equally
important role in establishing the resolution limitations of the tube., Serious limi-

tations in image quality undoubtedly resulted from the use of the relatively coarse



100 hole per inch multiplier mesh structure. In addition, lateral movement of sec-
ondary electrons in the inter-stage multiplier regions as well as in the finel screen
to target spacing certainly tended to degrade resolution.

A mathematical analysis was made of the problem of laterai driftv of secondary
electrons and the predicted resolution capabilities of rultipliers of the type we
were then u3ing. 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 & series of substantial changes in design,
each of which would require develomment, 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 and 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 50 to 100 lines per inch strongly iandicated 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 copsideration, and in light of the newly acquired knowledge
that work on the channeled structure was being conducted in other leboratories, we
decided in June of 1958 to recommend a major shift of emphasis to concentrate on ap-
plicetion of the Westinghouse TSEY as a preamplifier in an image orthicon. The work

on this approach has already been described in Section IV,
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SECTION VI
ELFCTRON 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 scenning beem, 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 bLeeam
electrons return to the output electron multiplier when scanning an uncharged *black®
area, vhile an increesing 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 reiurning beem, derending 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 5C% of
the electrons land on even the most positively charged element, the beam current is
usually much larger than the signal current. Fluctuations in the beem current causcd
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 582C type image orthicon to about 35:1, 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. 4 major part of the problem is caused by the rather wide spread in
axial velocity camponents of the beam electrons approaching the targst. Variations
in energy of the scanning beum electrons in the imege 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,



(2) Time or position varied cathode coating potentiel drops.

(3) Radially directed couwponents of initial accelerating field.

(4) 1Inter-electron coulomb forces.

(5) Stray electrostatic or electromagnetic fields,

(6) Klectron gun misalignment.,

(7) Eectron 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 thet the electron
beam axial velocity distribution can be expressed by:

-eV
ip = const X ixexp =
where: iT = current lending from the electron beam onto a target elemc:nt at a

voltage V.

ib = total current in the primary scanring beam

V = instantaneous voltage of the surface of the target element
being scanned by the electron beem with respect to that voltege at
which all electrons are permitted to land,

k = Boltzmann constant

e = electron charge

T = effective absolute temperature of +the electron beam, ususlly greater
than the cathode temperature because of the broadening of the velocity
distribution in the electron gun and focusing system.

Primarily suspected in the search for sources of troadening 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 tovward the axis of the tube.

c”7

()



After the electrons pass through the "crossover®, 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 will have equal total energies
having obtained their kinetic energy from acceleration through identical potential
drors. The velocity component of each of these electrons normal to the target and
parallel to the tube zxis, however, will be the product of its total velocity and the
cosine of its angle of divergence from the beam arxis. The stopping potential, V3, at

toe target can be expressed as:

2
VB = V2 - (V2 - Vl) cos 6
where V2 -V, = accelerating potential drop
V2 = anode potential
© = divergence angle

At potentials more positive tonan 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 lend for a given voltage established at the target element.
For very smell target signal voltages, only the scanning beam electrons of highest
axial velocity land on the tarzet. The llower energy electromns, which are reflscted
at the target surface, contribute to noise without adding to the signal. It is evi-
dent, tzerefore, that an approach to reducing velocity variations in the electron
scanning beam is to reduce the beam convergence angle in the electron gun. This
problex is complicated by the effect of the axial magnetic focusing field which is

not comstant Sirshgth or direction in the region near the cathode. Because of this
field, any force tending to make an electron move radially will result in imparting

a spiral motion to the electron.

< e
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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 reange would
be selected, Other schemes considered reguired that the electron beam be deflected
in a mognetic field and since the radium of curvature of the electrons would depend
ou the speed of the electron, an appropriately located apertured disc or slit would
pass only those in the desired velocity range.

2. METHODS OF MEASURING ELKCTRON VELOCITY DISTRIBUTION
8, PFlenar Electrode Retarding Field

Concomitart 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 f{unction 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 51 is a cross-sectional view of a typiocal ratarding field tube. The
tube was designed to simulete the image orthicon scenning 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. Silver beads were provided to



permit the vacuum evaporation of a clean silvered surface on the collector electrode
in order to maintain low secondary electron emission. An arial magnetic fogusing
field was adjusted for maximum collector efficiency. Cathode current was held con-
stant at 3.1 microamperes by readjusting the modulator grid potential for esch value
of accelerator potential (G, voltage). By maintaining constant cathode emission, the
value of the 100% current collection point of each curve (representing total elec-
tron beam transmission through an aperture of fixed erea) could be made to sServe as
a measure of the relative current density for each set of operating conditors,
Figure 52 clearly shows that the applied collector potential required to collect
100% of the beam electrons decreases with decreasing anode voltage (E G2)° indicating
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, &s 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 amxis. For
this reason, date should be interpreted from the standpoipnt of relative curve slopes
rather then absolute positioning of curves. Examination of the curve in Figure 52
corresponding to a G, voltage of 300 volts, typical in normal image orthicon opera-
tion, shows an energy spread of 0.6 volts for a beam current spread from 10X to 100%
of the total collected current. It should be pointed out thatthe 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 retrsce
identical high velocity tails,

To demonstrate the electrostatic field pattern of the triode section of the
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electron gun, in the immediate vicinity of the cathode, equipotential plats of the
structure were made in an electrolytic plotting tank, The results of these plots

are shown in Figures 53, 54, and 55 for three conditons of electron voltnges chosen
to duplicate those which produced a constant cathode current in the experimental re-
tarding field tube described above. The reduction in anode voltage (Ecz) 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-
sction of thia convergent field with the megnetic 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
obviousiy aid not tuxe all ithe aececssary ractors into consideration, valid qualitative
conclusions could still be drewn. 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 5 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 Gi aperture, As
stated previously, the electrode voltage conditions were known experimentally to give
a constant cathode current of 3.1 microamperes in an actual tuba. The factors which
were not taken into account in these equipotential plots include the finite initial
emission velocity of the slectrons, the effect of the space charge directly in front
of the cathode, the effect 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 of 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

G, voltages appeer 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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a decrease in axial velocity spread.

In order to further evaluate the approach of decreesing electron velocity vari-
ations by reducing beam convergence, the control grid, (Gl) in an image orthicon
triode was adjusted to a positive potential 80 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 (02)
aperture was to cathode current as Gl 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 exist. In practice, it became necessary to reduce the anode
potential substantially in order to generate beam currents of the proper order ot
magnitude for image orthicon use. Figure 56 shows narmalized curves of retarding
field data for such a simulated diode at two values of cathode heater voltage.

b, Faraday Cege Analyzer

Based on extensive independent investigations at our Reseesrch Laltoratories, it
had been determined that the plenar retarding electrode technique was not definitive
below a range of approximately 0.5 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 charging and secondary emission. On 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 Faradey
cage technique which establishes a retarding equipotentiel surface in free space as
the basic analyzer element. As shown in Figure 57, the beam to be analyzed is colli-
mated by an axial megnetic 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



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 in the electron
scanning beam of the conventional image orthicon gave ¢ -aage of 0.6 volts at a beam
current of 5 x 10'8 amperes, This measurement reproduced results obtainc<d with the
planar retarding electrode technique, thus adding to its validity.

3« EFFECT OF MISALIGNMENTS ON VELOCITY DISTRIBUTION
a. Theory

In the operstion of the image orthicon tube, en 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 directicm of this "axial®
field is not perpendicular to the target surface and purallel to the direction of
propogation of the electron beam, we may observe a situation in which the entire
beam, along with divergent electrons, is being spiraled aboui 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 parellel 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 perpendiculer to the axis, the magnetic field can not alter exial velocities
of the electrons.

In practical I.0. tubes, an elignment 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 beem
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lending on the target., insures, in fact, that beam landing at the terget be as
cented as is the intersection of megnetic flux lines with the target.

The consequence of non-orthogonel lending 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 o 4incidence of primary
electrons may tend to increcase secondary electron yield of the target,

b. Experimental Data

To demonstrate spiraling of the elsctron beam about magnetic flux lines, a re-
tarding field tube of the type shown in Figure 51 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 59 presents the same information except that, in Figure 59, an attempt was
made to wmechanically align the tube axis with the solenoid axis,

Results presented in Figure 58 are plotted for two values of anode voltage to
indicate the dependence of the spiraling upon electron velocity. With the acceler-
ating potentiml reduced by a factor of 4, the electron speed is cut in half, and the
period of the collector efficiency function is halved as well, Collector voltage
minima represent points of most nearly normal beam landings at the target.

Figure 59 illustrates that, even with careful alignment of the tube withir the
focusing solenoid, some beam spiraling persists., 4s compared with Figure 58, it
represents a factor of 5 reduction in the amplitude of spireling. Moreover, the
minima for Figure 59 are of approximately the same amplitude as far Figure 58, in-
dicating the same order of normality of lendings., The difference in amplitude be-
tween the Eg, = 300 V curve in Figure 58 and the corresponding 100% curve in Figure
59 represents the difference in their axial velocity.

In Figure 59, the curve for 10X beam collection potential is also plotted to

demonstrate that the entire velocity 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-velocity® range of the slowest 90X of beam electrons., It is im-
portant to note that the narrowest range of electron velocities coincides with the
lowest collector potential, or the most nearly normal beam lending. This indicates
that nonorthogonal landings increase velocity spread while reducing absolute ve-
locity normal to the target.,

In interpre.ting the dependence of velocity spread on axial field strength, it
was suspected that the periodic minima in spreed might be caused by selective filter-
ing of certai~ portions of the mormal velocity distribution by defocusing of the
becan at the dynode #1 aperture. This interpretation would predict that velocity
spread minima should coincide with beam current transmission minima,

Figure 61 demonstrates that, contrary to this prediction, beam current trans-
mission maxima occur at beam velocity spread minima, Since this fact rules out ve=-
locity selection at the dynode #1 aperture, dependence of velocity spread on angle
of incidence of the beam upon the target is clearly demonstrated,

By way of summarizing the effect of magnetic fields on velocity spread we can
state the 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 jn the electron optical system exist,
magnetic fields can be used to reduce velocity spread, by nullifying mis-
aligoments,

3) In practical imege orthicon tubes, this correction is not completely
realized, as there is not a separate magnetic corrector to normalize land-
ings at the target,

h) HMagunetic focusing or deflection systems as generally applied, do mot con-

tribute to a reduction of intrinsic velocity spread in electron beems.
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4o ELECTRON VELOCITY SELECTOR SYSTEMS
a, Crossed-Fields Selector

1.) Analysis of Crossed-Fields Selector

As shown in Figure 62, the crossed-fields velocity 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
deaired axial velocity. The advantages of such a velocity selection device in an
ime ge orthicon structure can be swmmarized as follows:

1) Can tranamit electron scanning beam without selection for complete dis-

charge of high light level scenes,

2) Can be varied both in the selected transmission vel ocity aml in the range

of velocities transmitted.

3) Lends itself readily to the structure of the scanring section.

The operation and predicted performance limitations of the crossed-fields de-
vice shown in the sketch is described in the following mathematical amalysis. 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;"t' + (1 - cos&/,t) Ygx - @-w Vox ) Sinu)ot (1)
o ‘Uo u%z
- v, V. 3
Y = (i-w ox) (1- cosu/ t) +u of Sinw _t (2)
u)oz (0]

where: a = - e Ry

m
“}o = e Bz
m
Ey = electric field intensity
B, = magnetic field intensity



Vex = &axial component of initial electron velocity

radial component of initial electron velocity

t = time

e = electron charge
m = electron mass
Let: '/ = a
T P
W
Equations (1) and (2) then becomes:
= v -cosw t) Voy .
X Tt 4+ (l-co o) o Vep-Vox Sin W ¢ 3)
ox T o
Y =/V_.V X
( T o) (locosu)ot) + Yoy Sin wot (4)
[e)
o

Case I. Consider the case when Vox = VT and Voy = 0,
Equetions (3) and (4) reduce to:
X = VTt
Y =0
Vp 18 seen to be the velocity of an electron which passes undeflected through
the selector, If we now let x = L, we then have the trarsit time, T, of an electron

with initial velocity Vg travelling through a selector of length L ar:
= ®)

Cese II - Consider the cese when Vox # Vp and Voy = O, 4pplying these condi-

tions to equations (3) and (4):

X = Vpt - (VT-VOX Sinw jt (6)

o

(7

Y =/ Vo-Vox (1 - coslyt)
Wo



It is evident that the maximum Y deflection will occur for some time to such that:
wyt, =T
At the time the Y deflection is maximum, we want X = L, so that the electron is
located at the end of the selector. For this condition, equation (6) reduces tos
L = Vgt
Setting to = T we obtain:
L=z Vp.T

Wo -
T

Substituting into equations (6) and (7):

X = Lt -T (Vp-Vox) Sin Tt (8)
T — T
Y = T (VT. ax) (1L -cos Tt) (%)
el T

These can be expressed as:

X = Lt - L 1-Vox) sin Tt
T m Vo T (10)

( -VLI_) (1 - cos Tt)
Vp T (11)

Sl

Observing that the ratio of electron velocities is directly proportional to
the square root of the electron volt energies of the electrons.

VOI =
Vo

Y
ﬁio
=3

iquation (10) and (1l) then become:

£ = Lt -L (1- [% Sin Tr t
T 7r( \/W!) T =)

= - [e .
Y 7Lr' (1 79%) (1 - cos zrg) (13)
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Replacing the ratio by R we obtaing

£
T

2w L [R-#_ (1-/_3_9'5;)511117’3] (14)
Y = 7'1';" (1- /a___a;x ) (l-cosTR) (15)

To determine how these equations predi:t the performsnce of the large scale crossed

fields selector, let:

Pox = 50 * 0.l volts
fo = 50 volts
L = 5 inches
Then:
X = 5 [R-_lﬁ:_ (1- \/50_*__9,1) SinTR | (16)
Y = § (1- 5_0_;_(1,_;) (1« cosT R) Q7)
T 50

By selecting values of R from O to 1, we conpute 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 andi exit aperture diameters, the
absolute range of selectivity is determined by setting Y = ¢ 0,002 inches at + = T

(R = 1), Thus from equation (15):

+ ,002 = (1 = /%q;) 2)
T
Solving:
% ox X
B =1 * 0,000628 (18)

For ﬂ,r = 50 volts

gox (max) = 50,063 volts
Pox (min) = §49.937 volts



Therefore, the absolute renge of electron volt energies passing through the selector

under the assumed conditions is:

[499: = 50 * 0,063 volts 1

Recapitulating the original assumed conditons:

Vox ¥ VT
VOY = 0
L = 5 in., = length of selector

Entrance and exit aperture diameters = 0,002 in,

To determine the range of electron volt energies passed by the selector when

#p = 300 volts, typical of imege orthicon operation, we coapute from equation (18):

| @ox = 300 ¢+ 0.38 volts

It should be pointed out that B, and Ey must be adjusted to permit 300 voit

electrons to pass through the selector undeflected, but the calculations with the ex-

ception of equation (16) and (17) remain the seme.

Case III - Consider the case when Voy # C and Vox = Ve Applying these conditions

to equations (3) and (4) 1

X

Vpt + (1 - cosw,t) Voy
o

Y = Voy Sinwet
ZEO

Using the previous relations, Vo =L and W, = I we obtain:
T T

X = Lt + (1-cos Tt) Voy L
T T Vp W

<t

Y’K‘?J_ﬁ& Sin T

<
-3
-

(19)

(20)

(21)

(22)



Replacing the ratio t by R we obtain:

T
X=L[R+ (1-cosTR ) Vg, ] (23)
VTﬂ
Y= L[V oy Sin T

(ﬁf n R (24)

T

Now: v oy &

/¢T

Equation (23) and (24) then became:

X =L [R 1- s 1
[F+ (ecosnr) /g ov] (25)

T
Y= # '/;:_y Sin RT (26)

To deternine a maximum value for V oy, we assume that all electroms originate

at a crossover point located outside the selector 0.250 inches from the 0,002 inch

diameter entrance aperture of the selector.

Entrance .perture of
— selector

Point source
~0,002"
of electrons /'
0.250" —»I

As defined by the entrance angle therefore:

tan o = 001 = Vo::
0.250 Vo
v
= = 0,004
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Substituting this value in equations (25) and (26) and letting L = 5" as in
our exper‘mental selector:
x = 5 [R+ 0,00 (1-¢osR7T)J (27)
Tr
Y = 5§ (0.,004) 3in RT (28)
i
By selecting values of R from 0,8 to 1,0, we compute the correspording values

of £ and Y from equation (27) and (28) to obtain the electron trajectory plotted in
Figure 64 .
Case IV, Consider the case when V ox # VT and Voy # 0., Restating the funda-

mental equations of motion:

X= Vpt+ (1 - coswot) Voy - (VT -V ox) Sinubt
Wo g
Y =

(?T - Vox| (1 -cosWot) + Voy Sin Wt
wo wo

Applying the relations:
- VT =
Wo

"
*akq Elle

<
O
1
O
<

We obtain:

X = L [R+ (;-co%RTT)/;Tox -(1-/%_:_::)sm %rlr] (29)

(1- f79Xx) (1L-cosRT) + [P Sin RT 0
[ V 1 e ’ ] e

Al

s:‘
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Let:
L = 5 inches
¢T = 50 volts

Fox = 50 % 0.1 volte
vV

O =
va‘i = 0,004

By selecting values of R from 0.9 to 1.04, we compute the corresponding values
of X and Y from equations (29) and (30) to obtain the electron trajectory plotted
in Figure 65.

Comparing Figures b3 and 65, 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 trensmitted 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.

L4) Length of selector.

5) Range of energies trensmitted 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.

§L./////0.002' aperture diam,
&

Crossover - == A

point 'ré=_;)' o ’ - -

re— 0.250" o ]

‘\\\\\\\

s
k]
}
i
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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 as:

B = tan -1 0,000 = ten ~! 0,004
0.250

For this smell angle, we can make the following approximation:

san”! 0,004 = Sin -l 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. Thus:

— = 0,008
I

The maximum beam current density arriving at the entrance aperture is then:
‘TB = 0,008 Jg

Assuming a cathode current density, Ik, of 2.6 amperes per square inch, we

obtain:

Jg = 0.008 (2.6) = €,0208 amps/in.?
The maximum current entering the aperture becomes:
IB = J’B A
Where A = area of entrance aperture = X 10"6 1n.2

Igp=2.08x102x T x 106 = 6.5 x 10-8 amperes

Assuming no selection in the crossed fields device, i.e. no applied fields,

the msximum current which can lesve thg selector is then;

= 2
Lex =1 tean” A
exit B (tan2 B

. 2
Iy = 605 x 1078 (%:%;9)

[_I;it = 1.5 x 10-10 amperesJ




If we essume that the beam current reguired to discharge the target of an imege

orthicon at highlight level is approximately ].0'8 amperes, then the maximum computed

current of 10"]'0 amperes, leaving the velocity selector, may be sufficient for opera-
tion of the tube at low light or signal levels. Ia fact, it is at low signal levels
that a monoenergetic scanning beam is most desirsble, It will bte recalled, however,
that the calculation of maximum current leaving the selecta was only apuroximate,
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 o its energy selection.
Furthermore, as pointed out previously, the ratio of the maximum beam current dens-
ity to the cathode current density at the assumed beam voltage of 50 volts was ob-
tained by extrapolation of the Langmuir theoretic al 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 ebility to trunsmit both a narrow range
of selected energies as well as provide sufficient beam current to discharge ths
target even at low signal levels,

Conclusions Drawn fraom Analysis

(1) PFor a perfectly collimated electron beem with no radial components of
initial velocity entering the velocity selector, the range of electrcn
energies psssing through the selectar is a direct function of the selected
velocity (Vp = _Fé: ) and the diemeter of the exit aperture and an inverse

function of the selector length,
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(2) For a selector length of 5 inches, with entrance and exit aperture diame-
ters of 0,002 inches, and a selected energy of 50 electron volts, the
selector has an absolute range of tranamitted energies of 50 ¥ 0.063
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 + O.l4 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 0,250 inches from the 0,002 inch diameter entrance
aperture of the selector, then the radiel components of initial electron
velocity have a negligible effect on the selectivity.

(5) From electron beam current considsrations, the velocity selector is at
best marginal in its ebility to transmit both a narrow ranges of selected
energies as well as provide sufficient beam current to discharge the tar-
get even at low signal levels,

5. EXFSRIMENTAL WORK #ITH CROSSED-FIELDS VELOCITY SELECTOR

The early crossed-fields velocity selector consisted of a 0.002 inch entrance
aperture, two parallel electrodes with flat faces spaced 0.020 inches apart, an
electromegnet core and windings with the pole-piece faces spaced 0,070 inchee apart
and at right angles to the electrode faces, and & 0.002 inch exit aperture. The en-
trance aperture was also the beam-forming aperture of a modified immge orthicon gun,
and reasonable collimation of the entrance beam was assumed.

In the early experimental work, difficulty was encountered in obtaining a useable

electron beam from the velocity selectors. Part of this problem was attributable to

poor cathode emission which was alleviated somewhat by careful cleaning and heat

1ans



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 cherged
insulators could result in deflection of that beam therefore preventing its
rassing through the exit aperture. This was solved by careful shielding within
the gelectcr. 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 moans of
mechanical alignment.

The finally developed design of the velocity selector is shown pictcorially 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 aprroximated the curreat transmission cal-
culation of 10'10 amperes with no applied deflecting field.

At this time the results of more complete theoreticel 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 oiher forms of

the device,



ELECTRODES
2 REQ D.

MAGNET CORE

et LT

2 HALVES

OTHER END
IDENTICAL

Figure 67. Crossed-Field Velocity Selector (Assembly View)

199



A)—————~MICA SPACERS

J

INSULATING WASHERS
INSULATING SLEEVE
SELEGTOR MOUNTING NUT

(o

—— TR
",//_,/:",” - _,_/,f\\
o _,/(,,/ Z/Z‘

TG I

g Ao A
T B

SPOT WELD

ELECTRODES
(OMITTED FOR
CLARITY)

/-APERTURE & SUPPORT PLATE

/SELECTOR MAGNETIC POLE PIECE

-CONVENTIONAL IMAGE
ORTHICON ELECTRON GUN

(SCALE- 8:1)

Figure 68. Assembly Detail Velocity Selector to Electron Gun

191



EXPLODED VIEW
NOT TO SCALE

~ COLLECTOR
> PLATE

—- EXIT APERTURE

ELECTROSTATIC
DEFLECTION
PLATES

MAGNETIC
POLE
PIECES (2)

i ENTRANCE
‘ APERTURE &
Ga ASSY.

GRID ¥

+———————— CATHODE

4

Figure 69, Velocity Selector and Electron Gun,



b, Spiral Path Selector

The original design of this type of velocity selector, suggested by R.K.H. Gebel
(Reference 27)n_hpd a region of uniform magnetic field which the electrons entered
at an angle to the field so that they traveled in a helical path. The 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 {llustrates the rrinciple of this type of velocity selector.

_Accelerating anode

/ //Coll imating aperture
-~

i Selecting
"'_Zlﬁ 1’ aperture

4
Control ~
exid

—_— T

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 ccllimating aperture. The tra-
jectories of electrons having axial velocity components greater than a certsin select-
ed value would intersect the axis beyond the selecting aperture. However, due to the
rresence of the aperture, they are not permitted to leave the selector. Correspond-

ingly, trajectories of electrons having velocity components parallel to the exis



smaller than the selected value intersect the exis beyond the selecting aperture.
These continue on and are stopped by the aperture. It cean be seen that only those
electrons having the selected axial velocities will pass through the selecting aper-
ture.

The limitatiou of this type of velocity selector is that the electrons travel in
a helix and the ratio dV, where V is the avereage energy of the electrons in the bteam,
depends on the relativz diemeter of the helicel path and the selecting aperture. To
obtain high performence, as defined by low dV, it is necessary to meke V small, How-
ever, since V is numerically equael with the present gun design, to Eg2, the &acceler-
ating voltage of the electron gun anode, this smaller velue of V results in reduced
cathode emission with consequent lower beam current. It is also possible to make the
spirel larger, necessitating a larger selector structure, involving a change in meny
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 energics transmitted by the selector but would elso decrease the
evailable electron beam current,

dork was initiated on this type of selector during the early mrt 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-
oratrjies for molecular excitation and dissociation energy experiments in which an
Eipzel lens iraersed in a solenoidel magnetic field reflects electrons whose axial

velocity component is insufficient to overcome the barrier of the "saddle field®,

ar [ N T



lad

CHaTNOOL EINVERL  LamS £ T APy,
AL A coaecror
SvIriesr &Kihcrross

1 . ; :

S -

% % J&l P Vawacyze® Veasgerne

Figure 71. Velocity Selector - Analyzer

XG5



IazATeuy - 1032912G £310019 A

'L 2andrg

SSVYD TS0L 1 TOIPTUNY @AUL TSI
Tk T TINOPQY  THITiPY IOATLITIT

FCoXLIFI?T I TLSAS
FOLITTTCZ IIIPOLITT SHTY TIEIMT = FaopLr>
\ /
RS e ROHHHE N P
O — e R - I|‘@r_13].” = — .“l!...I.WI
=
LIH - 3 v._[/.../l
W N ¢ N~ \\ ﬁ
Y LY z N R .
rI/J ,..////.1. \ ; & N | m‘
N N2 WA [INN
N N Frore eva OSO [ NN
) TW. N\ - \B
m Mj yraw erc 080 L,.d\‘ N w M
/l/,u,\..\ 57 \B 98
N NS % 2RI
]l ﬁ //“ ,./E E N IN-. N N
NI NIRRT
/I”U\ X e\ U\. /I.Jf
NINY T NNK
N N/ 4 NR
SI\? NA DA b

0C0 " ~of |

3
T



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 moleculer 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, same
means of post selector acceleration would have to be employed. This could consist
of a series of increasingly positive electrodes so that no strey voltage gradients
would exiat in apertures to contribute a lateral force to the off exis electrons.

In the operation of an image orthicon, it is believed that at low signel levels
only the high velocity electrons are effective in discharging the target. Since the
low velocity electrons are a constant addition to the return bsem 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 filiering may
wel)l demonstrate the feasibility of further work on velocity selectors. Although some
experimentel work was performed on this device in a demountable tube, it was reslized
that this device also performs best at very low beam vclteges, and that one then faces
the probdlem 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 inlicated 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 eiimination of transverse velocity components.

19~



Of possible mathods we have considered, a planar emission system using planar
accelerating equipotential surfaces seems most pronising. If suff{icient, current
density is not available from such a structure, a magneticalty shielded Pierce gun
or similar structure should he useful to obtain more current in a beam free of
transverse velocity components.

6. CONCLUSION

The work indicates the velcocity selectors we tried or considered are theoreti-
cally marginal and actually the mechanical difficulties make them 1ll 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
devices tested here reduce the axial velocity spread of an eslectron beam and none
of the devices seemed sufficiently promising to warrant an operational test in a
tube.

Basad 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 emigsion gystem using planar accelerating equipotential 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 veloclty components.

To fully utilize the benefits of a reduced axial velocity spre&&j 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 5820 operating at

light levels near the knee of the signal vs illumination characteristics, there 1is

198



a difference in beam 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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SECTION VII
HALATION

A standard image orthicon ad justed for near threshold imaging on & dimly
lighted scene may be partly or campletely disabled by a single bright light source
in the field of view, such as a searchlight. Our measurements at various scene
light levels show that a light source up to 10“ times the acene brightness may be
tolerated, producing only a localized disturbed arca around the light sourcs.
Imsge brightness up to 107 times scene illumination levels were studied. Counter
measure light sources at these levels seem feasible, and campletely disable the tube.

The effect consists of a dark halo surrounded in turn by a white halo which
may extend over the whole reproduced scene, blacking cut all desired information.
It is caused. primarily by redistributed electramns fram the writing side of the
target. The electron image of the'}ight acurce on the target causes that small
area to be charged positively to or slightly above collector mesh potential. A
large number of low velocity secondary electrons leave this small area of the
target, travel through 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 2 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 signsl current caused by the dimly lighted scene, this
area appears black on the monitor and apparently contains no picture information.
Back-scattered 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 returm to

the target as a flooding current. Since their emergy is above the firsi secondary

emission crossovar for the target, the target is charged positively and a white

hazy halo, which may cover the entire scene, appears on the monitor. Bscause the



current density of this redistributed current is also far larger than that of the
primary information bearing current fram the photocathode, the desired scene
information is partially or campletely lost due to lack of contrast and to noise in
the redistributed electron signal.

Bacause both of these halo effects are essentially unwanted information
written on the target, they must be remedied by tube redesigm 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
brightnesas 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 fram the target. Theoretical investigations
including field plots and tra jectory calculetions showed that up to 25% of the
secondaries leaving the target pmssed 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. Xor the higher energy back-scattersd electrons which
caused the white halo effect, these electromns canmot be collected simply by making
the mesh more positive with respect to the instantanecus target potential. We
therefore have attempted to reduce or elimipnate the white halo by greatly increasing
the thickness of the collector mesh without decreasing ita transmission. A mesh
which is thick canpared to the hole dismeters . will pass only those electrons which
approach with an angle of incidence close to the normwl. The incident electrons
fran the photocathode will therefore be transmitied, whereas the high energy
pacondaries which leave the targst at angles far fram normal and cause the white

halo should he elimimated by interception. Note that while this thick mesh will



elimipate the white halo, caused by high energy electrons which pass through the

normal collsctor mesh, the amaller black halo may not be entirely eliminated, aince
it may be causei in part by loWw emergy electrons which do not pasa through the
mesh. Experimental verification of the effectivenesa of thick collector mesh to
eliminate the halo effect was obtained in an image orthicom in which the ususl
.0002* thick electroformed collector mssh was replaced with a piece of Corning
fotoform glasa .0Q7" thick having 350 rows per inch of square holes which were
.0Q15" on a side giving 25% optical transmission. The gl;sﬂ mesh was made comduc-
tive by aluminizing fram both sides using several evaporatiom sources to coat the
inner walls of the holes. A test of this tube with a bright concentrated source in
the middle of a dimly lighted test pattern showed no white halo effect under
conditions which would have given a campletely washed-out picture on a standard
image orthicon. The principle, therefore, appears to have been proven, ind the
remedy should be equally applicable to image orthicons end image isocons. Imaging
quality on this tube was poor due to non-uniformities in the fatoform and law
optical transmission. As a next step, we, therefore, attempted to make or obtain a
high quality, thick, fine textured, high transmisaion metal collector mesh to
fabricate a tube of greater utility for the Air Force.

Efforts to obtein thick electro-formed mesh include work im our own laboratories
and work performed om a subcontract with Buckbee-Mears. As noted elsewhere in this
report, electro-formed mesh of the type nomally used in the image orthicon are
formed by plating copper into shallow groaves in a flat gless plate. The thickness
of this mesh cannot be built up by further platiug after the groaves are once full

because the plate tends to mushroam out over the flat glass surface and to close
the holes in the resulting mesh. To obtsin preferential pleting to increase the
thickness of the mesh without decreasing the opticel tranamission, we attempted to

produce a physical barrier in or through the hdles in an existimg piece of mesh.



In one experiment, we coated existing pieces of standard mesh with photoresist,
exposed from one side with a poimt eource placed at sane distance fram the mesh so
that the resist on one side and in the holes was hardened, and then washed the
unexposed resist from the areas shadowed by the mesh bars. We then attemgted to
plate additional copper onto the rear side of these mesh bars using the hardened
photoresist as & 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 photoresiat fram the mesh without campletely destiroying it.

A second experiment conducted by Buckbee-Mears involved flowing & viscous
fluid through the wesh holes fian one side while plating on the other. It was
hcped to obtain a balance between the rate of build up of the copper 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 subsatantial increase in the
thickness of the mesh.

A third expesriment meuvioned elsewhere in this repart involved the use of a
moving electrolyte which was forced through the holes in the mesh during the plating
procesa ao that an existing mesh could be built up preferentially. Shown elsewhere,
an increasgse in mesh thickness of 2 to 3 times waa obtained by this method.

However, this .0005" or .0006" thickness was far fran the .005" which we considered
the minimum necessary to obtain satisfactory imterceptior of obliquely back-
scattered eslectronms.

A fourth experiment also mentiuned elsewhere involved experimentel production
of a plating master fran Corning fotoform glasa. While deep groaves could be
produced in the surface of this glass, they were s0 irregular that the experimental
masters were unuseable. Details of this experiment are given in Sectiom V. The
work with Corning occurred at a time when they were moving their fotoform facilities

approximately 1l0C miles fram Corning, New York to Bradford, Pennsyivania and waa



shelved not so much for lack of pramise but because Cormimg 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 the state ¢ the mesh making art might comtribute
the "know how" needed for profitable resumption later in the period of the
cobntract. The approach still seems valid, and we have retained it as s desired
goal tc? be sought on corporate funds whenever & technical advance makes it seem
fessible, The military value of a halation free images orthicon, with its ability to
accanodate the wider dynamic range needed in televising outdoor scenes, has been

recmphasized by custamer requests made since this investigation was conducted.



SECTION VIII
IMAGE SECTION DEMAGNIFICATION
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 photocathode
with an appropriately larger lens of the same optical transmission and f number.

That this is so may be seen fram the following egquations.

a) E;n = EGRT
L% (M + 1)
where:
Epc = photocathoie illumination in foot candles
Eg = scene illuminstion in fcot candies
R = reflectivity of scene (diffuse reflection is assumed)
T = optical transmission of lemns
M = linear maguification fram scene to photocathocds

In most casss, M is very much smaller than 1 and is neglected.

b) Ipe = SEPCA
where:
Ipc = signal current fram photocathode in microsmperss
S = sensitivity of photocathode in microamperesper lumen
Epc = photocathode illumination in foat candles
A = area of photocathode in sq. ft.

Thus, the signal current can be increased directly by use of a larger photo-
cathode provided only that light optics are available to mairtain the same f number.
Use of & larger photocathode is also desirable since it permits use of =

larger fiald of view with a given lens. Therefors, we devoted sows time to



consideration of preamplifier image orthicons with large imput photosurfaces, in
which electronic demagnification was used to concentrate the photoelectron curreat
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 pregmplifier in a sipngle large bulb with an image orthicon
using & thin phosphor photo surface membsr as the transfer means. The high voltage
structure was that which has been manufactured at the Westinghouse Tube Divisicn
for ten years as the WL5997, and which is nommally used for intensification of
faint x-ray images. For the second apprcach, we designed a magnetically focused
demagnification image section to permit use of 3* diameter photocathode and to
directly focus the resulting photoelectrons on a standard image orthicon target.
The principal problem to be overcame in the high voltage demagnification pre-
emplifier was that of reducing dark emission fram 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. While parts were ordered for this approach
in the first months of the research program in 1956, anly one unsuccessful attempt
was made to assemble a tube. The work was then shelved to permit taking advantage
of an intensive program inatituted at that time under corporate funds to improve the
design and 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

Guplicetion of work being psrformed in another laboratory.



While the high voltage demagnification preamplifier offered both the advantages

of the larger photocathode and a substantial cain obtained fram the bigh accelera-

ting vcltage, the low voltage, magnetically focused, demagnification image section
offers only a gain equivalent to the reduction in area. As a reasonable campramise
between the gain desired, the benefit of being able to opsrate 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
fram a 3" diemeter photocathode would be focusied onto the 1l.4" diameter target.
Other things being equal, this tube should have displayad a&n increase in sensitivity
of four times over standard image orthicons. The image section electrodes and
photocathode curvature were laid out ip an electrolytic plot4éing 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 indicated a resolution of only
10Q to 20G 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

approacn did not seem worthwhile.



AFPPENDIX I
MCDULATION PHENOMENA IN THE IMAGE ORTHICON
Technical Memo by R.W. Floyd

For a given operating condition of an Image Orthicon, it is possible to define
a tine constant to and a maximum output signal ]'m If the output fram a target
element is measured by the ratio R of the actual output Iout to the potential maxi-
mun output Im. and the input by a similar ratio £ of the actual input signal Iin to
the maximum output (and therefcre maximum input) Im' analysis shows that R lags
behind £ at low light levels, and that the equations for these lag effects are
quite general, depending only on R, p s and ;o. 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 Eo. These lag
effects cause great deterioration ¢f 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 parametera, including the target mesh
capacitance.

This memorandum examines suame 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, Iin' is approximately
equal to .bj4 (8 -1 Ipe, where 8§ is the secondary emission coefficient of the
target for LOQ volt electromns, and Ipc is the photocathode current. The signal
output for positive or zero target potential is M ., Ibeam' where Ibeam 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

Iout is M. Ibeam exp _ Ve aince the fraction of beam electrons which can overcame

kT
a retarding potential V is exp _ Va. If Im is defined as I , I

e Ve.
kT

beam® “out ,-nImexp kT

1. 8]
0



The ratio R of the actual ocutput signal to the maximuwn cutput signal is then

Iout = OXDi _ V_O.
p— kT

I

In the preceding formula V is the retarding potential on the target (positive if the
target is negative with respect to the cathode), ¢ is the electronic charge, k is
Boltzmann's constant, and T is the temperature of the csthode in °K. The net

current to the target is Iin -1 =1 «I exp_ Vo . Then if the target raster

out in m KT
capacitance is C,

- = - Ye
g"-l-‘<11‘n'h Pe0) kT
We will consider periods during which the light level is constant, so that Iin
is constant. In the interests of mathematical solubility we will use an average
value for Ibeam and L, as though every target element were continuously read,
although in actual operation reading occurs in pulses at 1/30 second intervala.

This approximation is permissible because time lags at low light levels are much

greater than 1/30 second. Let [ be defined by P = Iin, the ratio of actual

I
input to the maximum potential input. Then: =

w=-T (oo™ B
dt

Integreting:

V+ kT log (p —exp_ Vo) =-Ipt+x

P e kT c (2)
where K is an arbitrary constant.

If V, is the target voltage at t = 0;

K=Yo+ kI log (,0- exp-!of)

F pe kT



Then the general solution of egquation (1) is:
-/’Imt (V-V)+k’1‘log <
e
- exp

(3)
In the particular case where V, = O,
V
- £ Lt= V+k’I‘ log £ - exp
C 21 (4)
- Ye
If p =1 in equation (4), log £ - exp kT may be considered finite only if
P -1
exp . Ve =1, or V= 0.
kT

It p =0, equation (4) is an identity. However, if £ =4 = 0, we find:

_W_l_e_)
- AR Lt=V+kL log exp( kt/- 80
C e 1- ap

kT

Q

<

+

*lz
—

-YVotap l-expVe}

t
Then _ Im t = kT (l-exp_\l%) ;exp\_l_q_=l+ e
C e

K KT c kT
V = kT log l+Imt _e_)
) kT (5)
Q = CV = KTC log <l+_Igﬁ g__)
e ¢ kT (6)

The output signal at a given time is a function of the retarding potential

seen by the beam; I, 4 = I exp - Ve . We recall that R = .{9}& ; then

kT I
m
R=exp-Ye , or V=-KkT logR
kT e (7

For the case V, = 0, solving equations (4) and (7).

o]

N
=



-_;:_Imt=-xleogﬂ+:kglog (‘5 :xlq)

t
R( P -1) = exp {_e__ P Im } ; =o0lving for R,
R kT

R=_£ _exp {oﬁ —ngi}

{s_ _‘o_imt_}
P -1+ exp kT C

If V=0, £=1, (8) becames R = 1.
If V, =0, £ =0 equations (5) and (7} became
- log R = log <1+1m“ g_) ; R = 1
C kT l+1mt
C
C kT
R = e
C kT + Imt
e
Let a time t be defined by _ R__ = <t in equation (9).
dR/dt
9_13=Im ¢ ¢
dt (C.a_cg + It)2
m
o
CKT + Lt
t=R=_ 9 =C kT + ¢t
R Im Im e
T, =C. kT then T =% + ¢
o
Im e

e
-

5

(8)

(9)

(10)



%o. as defined above, will be called the time constant, and will prove quite useful
in describing transient effects.

If V) % 0, P =1, let V, = - kT log R,

@

Then equation (3) becanaa

R = 1
v () (O 3 a

1t may be seen, however, that a number of variables may be eliminated fram the

equations by substitution of to. Equations (8), (9), and (11) beccme

R=_Lexp Eot /-{OJ_ (Ro =1, £%X0) /

P-1+exp [P v/"io:] (8)
R = 1 (R = lo F = Q)

1+ t/%To ° (9’)
R = it ~

1+ /1-R -t /to (R, % O, f=1)
(n °> R (11)
o
Finally, the genersl equation (3) becocmes

R__ = R, exp P t/To (0% R % @ ,P%x ) (3)

PR R

giving R as an implicit function of the parameters Ry, "Eo, and © , and of the
variable t.

This representation shows the lag of signal output ratio R behind the signal
input ratio @ . An R of 1 indicates that the area of the raster under consideration
shows white on the kinescope; an R of O, that the corresponding raster shows black.
Similarly, a £ of 1 corresponds to a fully illuminated.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. If photocathode
sensitivity is 40 ua/lumen, threshold is 1.5 x 10=9 foot candles, and & target

is 5, then Iin at threshold is 16 uua., The proper setting of the beam current is

defined by Ijn = Im’ S0 Im = 16 uua. At the knee of the curve of the tube's transfer
characteristic, the light Jevel is 5 x 103 times as great as at threshold. Then

Im = .08 ua.

At threshold, to = lO.'lo = 0.5 seconds, or 16 frame times. At

16 x 107 *< x 11.5

the knee, the time constant is .000108 seconds; this is negligible compared to a
frame time. The time constant is equal to one frame time at a light level 16 times
threshold. If threshold for = very sensitive tube is 1.5 x lO'6 foot-candles, to
is 5.4 seccnds at threshold.

The graphs of signal response on the following pages show that, after an
object has disappeared tram the scene or mcved to a different location, a time of
several timss to is required to register an altered signal on the kinescope
(Figure 73). At threshold, for example, a time on the order of to may be required
to reproduce a8 sharp increase in light intensity. A decrease in light intensity
will probably be registered on the kinescope in a time 2 ;o. These times are
typically two seconds and one second respectively for standard tubes at threshold.
These are the lag tiwes which have been observed for standard tubes.

It is noteworthy that, while the equilibrium signal from a stationary scene at
low light level is independent of Eo. for a scene which varies at frequencies
comparable to to the signal is greatly reduced. For example, if a light is
switched on and off so that 2 =0and @ =1 for alternate periods of length zo.

the output signal, as shown in the accompanying graph (Figure 74), has a maximum



amplitude R of only 0.25, and an average amplitude of only 0.12. For camparison,
the ideal response, for to very small in camparison with the light switching
frequency, has a maximum and an average amplitude of 1.0Q

If the light switches on and off for periods of length I , where I < %o,
the signal has a maximum amplitude of .25 [ /?o. and an average amplitude of
125 & /to. Not only is the greater part of the signal lost, for moving scenes at
low light levels, but a 90° phase lag ot output behind the input causes distortion
of the form of the object. Finally, the output has a different wave forwm 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 | to seconds to pass a particular point on the
target. At threshoid, this means that a motion éf camera 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 ncticeably
degraded (i.e., at threshold, would disappear) by an image moticn such that it
would cross the raster horizontally in 200 seconds. At &z factor of 64 above thres-
hold, the goint 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 beyond this point, because of the limitation of the
1/30 second scanning rate.

The conclusion to be drawn fram the above for low light level operation is the
desirability of reduction of the time constant to the smallest possible value.
Since to is proportional to the target-mesb 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 monochramnatic beam, filtering out-all but a
small segnent of the wide range of electron velocities produced by the cathode,

would also reduce to. This might be accomplished by a device comparable to the mass



spectrometer, using electric or crossed electric and magnetic fields.

If the choice must be made between large target mesh spacing, and miuification
onto a small target raster area, the former seems preferable., Minification involves
sacrifices in resolution, as well as formidable electron optical problems. On the
other hand, wide spacing may be accanplished with only minor changes in tube
structure.

Some comments on 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 smcll; the time required to
reach a certain signal ratio will be in error by less than one frame time. Ferhaps
the most doubtful assumption is that of Maxwellian velocity distribution in the
beam. The 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.
Experimental data are not available to confirm this hypothecsis. The effects of
target and cathodec 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
wihich all electrons in the beam reach the target. Lateral leakage along the target
surface, and the fact that charge trancfcr ithrough the target is not instantaneous,
are ignored. The writer feels, however, that the above are second order effects,

and that the analysis has considerable validity at lcw light levels.



APPENDIL II
KESOLUTION LIMITATIONS IN THE
SECONDAKY - ELECTRON IMAGE AMPLIFIER

INTHOLUCTION

It is the purpose of this report to describe the physical interrelationships,
which are important in the design of the transmission secondary emission inten-
Sifierl'z. These relationships are used to determine the purameters, which have
greutest eft'ect on resolution, and to calculate the theoretical maximum resolution.
1., hLSOLUTION

Figure 75 shows 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. lue to the parallel

{ —=5) arrangement of eall ot the dynodes it is
c D s possible to form an image from the photo-
4 y
3 é cathode onto the phosphor screen o5 at the
. 1e 4
Lighianeft e ettt b fnneLight
g 2 4 7 end of the tube.
7 1
The resolving power of this system,

LA d A4 dummn At 4 4

both with and without the assistance of

-ll_____J|+ a magnetic focusing field is obtained from

a8 knowledge of imege forming properties

) of one stage. In determining the gross
Figure 75

properties of electron resolution, no

account is taken of spherical aberrations

1.7, Sternglass and M. M., #Wachtel - IRL Transactions of the Yrofessional Group
on Nuclear Science, V. N33, pp. 29-32, 1956,

“*M. M. sachtel and A. E. Anderson - "The Transmission sSecondary Ekmission Imuge
fultiplier" - Research heport 8-1C043-R12 December 1o, 1957,



or other defects of higher order., Furthermore it is assumed that all the primaries
are absorbed in the foils (the "cathode" of a stage) and that only the low-energy
secondaries are emitted from the opposite face with no spreading or modulution of
the input image due to film structure or thickness.
1.1 IMaGe FORMATION wITHOUT BwGNETIC FICLD

#ith no magnetic field electrons are only accelerated by the electric field
between the parallel plates. Due to a tangential couponent in the initiual velocity,
the electrons, released from any one point on the cathode, will produce a circle
of confusion on the front surtace of the following dynode. 3ee Figure 76. To
estimate the shortest distance between two points on the *"cathode*, whose images
on the "dynode" wmay 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 &n electron in the assumed field:

NAS voy.t (1)

X= Vo -t + 8 t<

(2)

where the symbols have tnese meanings in terms of the initial velocity vg:

Yoy = Vo sin &, Voe= Vo cos o (3)
- L]
- Cathode Here O is the initial angle and a = § &
|
a where % is the specific electron charge,

¢ the acceleration voltage and d the dis-
tance between the foils,
With x = d the time of flight is re-

presented by:

o
—

o,

Ny td== —a=d

3

(4)

y "Oynode”
Figure 7%

N
P
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Here vgox is neglected against the average speed of the electrons. Symbolically

e td>'> 1. (#ith an acceleration voltage of ¢ = 3.2 KV and &n initial energy of
2

Vox
at

2 <¢v one finds d = 20. Hence the result is exact within 5%). The y-coord-
2V
ox
inate of the path in the plane of the anode is therefore:

= L2 - L f2e in o
Y, = L i T & sin )

It is assumed that the number of electrons Ny leaving the foil with a certain
angle & is giwven Uty o ‘
= 6

Nk = N_cos & (6)

where Ny is the number of electrons starting perpendicular to tane plune of the

cathode. Therefore, the number of electrons Ny reaching the anode with the co-

ordinate Y is given by

a1
N =N 1 -_Yi_a__
y o >
voed (7)
Hence, the electrons are elliptically distributed over the spot diameter. oSee
Figure 2. The radius (p) of the focal spot is obtained by setting &= 90° in (5).
= = ed T v ’
s Ymax RS ¥ \‘ =2d ° _=2_[Pg
- v Pe (8)

end

wiere @, and @, are the initial and end voltages respectively.

Thus we rnave the diameter 2p of an image, created from a point source. Howe
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
Ciffers only slightly from the distribution in the image of a point. The dis-
tribution of & line is, in the first approximation, parabolic instead of elliptic.
The half widtn 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 which is represented by a bellshaped curve.
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The limit in resolving the images of two parallel slits should be reached with

a separation of 0.75 p.

For slit widtn equal to slit spacing, the curves, repre-

senting the electron distribution, cross at half the maximum emplitude with this

spacing.

From the above calculation it turns out that the quantity p, the radius of the

circle of confusion of a point source secms to be a reasonable limiting distance

between two extended sources.

R.=21=1
L

Electron Flux

R

I
|
I
I
" i

— — iy ———

— e — —— — —

Then the resolution is given by

9)

For a stage with d = 5 mm, (pend= 3.2 KV
and <Po = 2 ev, tne calculated resolution
is R, = 44 line pairs per mm. This is in
agrecement with experimental results.
l.2 FOCUSING ¥ITH MAGNLETIC FILLD

The use of an axial magnetic field
in focusing the electrons which are re-
leased from each foil leads to a very much
better imege at the following electrode.
The period ol the spiral peth of the elect-
rons in the magnetic field, which deter-
mines the time of flight between the foiils,
does not depend on the initial velocity.
One sees from

2
mv
Of = Bev ; andv =2Wr (y9)
r oy OYENT,
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that the period

_owm
Tl o (11)

-~ ~

-
-~

In these equations e is the electron charge, m the electron mass, r the 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

25+ f + v (12)

The condition for focusing requires that the time of flight, t¢, be equal to an
integral multiple, n, of the reriod.
tf = nT (lj)

Substituting (11) and (12) in (13); letting x = d, vox= o, and solving for B, we

Brs om m 2a and since a = egg
T e d dm
s |
nw 2m
B d 1J- e qu (14)

From (12) one sees that the condition of focusing is satisfied only for an

have:

initial velocity with one specific x-component which, in tnis case, we assume to

be zero., &4 finite initial velocity , v__, will therefore cause the point of focus

ox
to be displaced by the amount, A x. This displacement must, of course, be small zom-

pared with the interdynode distance d.

2d

4% = Vox 8¢ = Yor Y a (15)

These faster electrons produce at the focal plane Lo =0, a circle of confusion,
whose size one easily finds by help of the aperture angle 8 at the anode (Figure 4).

we have -
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VYend y =

Vend x

tan 8

where Vend y = Voyi Yend x & Vend
The aperture angle of the beam at the cathode is

tanCX

The radius of the circle of confusion becomcs

v
p=4x, tanf =4 x _end y=Ax ‘o
Vend x Vend

Since the secondaries start with cosine distribution, which means

flection angle of 45°, we can write for the average components of

velocities:
= - _V
Y = v = o
ox oy —V.L
2
l , So with (15) follows:
! Circle of
Confusion
L — oV
Vaz0 2p = 2 Vg ‘V'z oy
ox & Veng
Vv
end
Y \ and using (20)
AX Focal Planes 5 2
2 i v
<p = (*] 28 = (. Y
Vend x / Vend V a Vend
___________ VO! * Vox
or
=1
ov = -
2p = - d = 2d pQ
vV end ¥e

(16)

(17)

(18)

(19)
an average de-

the initiul

(20)

(a1)

where Qo is the voltage corresponding to

the average initial velocity Vo 3
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Because pls the radius of the circle of confusion due to an average initisl ve-

1
locity, the re:olution is defined as R = Eb + leading to:

where A v, in the subscript indicatés the limit in resolution cue to spread in
initial energy of the electrons. This resolution comperea with that obtained

without magnetic field turns out to be (kg. <2/ig. 9)

Rav, =R, \“2% (23)

iith @, = 3.2 KV, @, = <V G = 5 mu, <e finc HAvc = 160 line puirs per mm, 40
times better than .ithout employing a muagnetic fielcé (see pege 221.)

In addition to the limitation of resolution cue to the finite initiul velocity
of the electron:z we ulso have to account for focal devietions due to inuaccuracy in
the cueantities involved in the focal conditions; such as uugnetic flux censity,

accelercting electric fielc and dynode distances.

1.3 Limitetions in the Resolving Power cue to Veriations in lhagnetic fielu Strength

Variations in the amount of the mugnetic flux density reduce resolution. In
the first ajjiroximation cnenges in direction only cause image uistortion. s
variation in magnetic flux density cnanges the period of the electron movement in
this fiela and displaces the focus before or behind the plune of the anode. Using

the period, calculated in equation (11),the change in perioc can be expressed as:

AT = -on .B—é-.AB (24)

For the displacement we have:

- ML 3
= .n.AaT= . '
s Toam » ¥ a B5a Vena 4B (5)
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where n incicates the number of revolutions in the path. with the end velocity
of the electrons fixea by the electric field strength, we fina:

Ax = —Elél 21 Pe A B (26)
e
To find out the diameter of the circle of confusion, we have to cousider, as

pointed out before, the ratio of the increased x-component of velocity to the

y-component at the anode:

i . \
2p = 285 (1/2) [0 = eny  [om _as (1)
€ B e q>o
S50 we find for the resolving power
—
n = i = ,g S _.L' (‘-J)
anB =t <N il o Ab

1., Deviations in the Electric Field Strength

Variaticns in the electric field strength change the acceleration and by that

the time of flight of the electrons between the foils. One finds the dislocation

of the focus from: —— \ E =
cf=](:—:'—'— end therefore At _\,‘::: (1/2) %“ (29)

AE
X= v . A = -d T
4 ena tf o E (Jk’)
iumeter of the circle of confusion is theretfor. :

Ib

it = cd (l/{.) & k (;l)
\J’Pe, ]

the liwit in resolution cue to variations in electric fielc strength turns

n

t=

I+

R

=

L

A (Je)
4
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1.5 lechanicel Deviations

Of further interest is the influence of uncerteinties in the mechunical
dimensions of the tube, particularly uncertaintics in foil separations. Je now
heve to consider not only that the displacement of the foil dislocates the focal
plune relative to the path of the electrons, but ulso that there is a deviation in
the path ot the clectrons themselves due to the change in electrical field strength.
The latter condition arises because the voltages on the stages are fixed. One fims

for the deviation in time of flight from this equation

: &1 1)
_ 2m
TR I )
Zn (34)

[P
and from 2p = 24x . (1/2) (p-;- i 4x = v ondl At =4t ze Qe
m
e S Iq’o 35
= ¢ Q4 (-
\No:
or R =l 9. (36)
ad z4d [

In this connection it is of interest to know the mechanicul aeformation of the
foils due to the electric field forces. bkarlier nieasurements by L. J. oternglass

on unsupported al.0_ films showed a maximum deformation (displacement at the center
<

3
of the film) of about O.o mm at E = 800 V/um. The thickness was several nundred
;n(.tromﬁ. In the imuge tube the foils sre pulled by the electrical field from

both sides., Therefore, only the difference in field strength at the foll causes

ceformution., Ffor «n average foil separation of 5 nm and en initiul aeformution of



TLELE 6

Tneoretical Overall Resolution

of a Jour-sStege Tute

B 1 overall
Gauss Cathode otage lultiplier otuge rhosphor ostage line puirs/um
418 52 52 53 23

It must Le mentioned once more that tuece results give ouky an estination
of what one «cun expect at the best. Besides ignoring higher oruer errors in the
ime e formation, we did not pay atiertion to imuge distortion due to non-uniformity
of the clect.iic field between the electrodes. This factor beconies consideruble
if the septrations sre large. »n wrrungement must be jrovided to avoiu serious
{istortion by this effect. To first or.er the acn-uniformity of the electric fiecld
does not affect the resolution btut gives rise only to image distortion. Jior the
uppligntian in nucleer photogruaphy this canncet be wllowed becsuse it changes the
relative curvaturce of the inage to the originul path. This could lead tc wrong
conclusions concerning the energy ang momentwn transler of the particle in the
Stojping smuterial. Neverthcless the wbove consideration will give a rough esti-
mation of the limits in resolution wiich could ajpproximately be achieved with the

resolution limit ations in the seconaary-electron imuge emplifier.
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APPENDIX III
CONTRAST IN THE TRANSVISSION SzCONDARY EMISSION
IMaGLE INTENSIFIER

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 TSEM were converted to low
energy secondaries, there would be no question that the conwrast 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 emergies. (These elect-
rons have been defined as having more than 50 volts energy in all measurements.)
Such electrons cause a decrease in contrast due to the diffiuclty of focusing them.
Unfocused clectrons cause a "halo" around every signal element.

To estimate the influence of penetrating primaries on the contrast of an out-
put image of the TSkM we consider only those electrons which have penstrated one
dynode stage (Figure 77). The number of electrons in the halo produced by the
penetrating electrons relative to the number ¢f electrons in the signal spot is

NMalo = (n-1) 218 2 + p

N Bi ()

1
1 (1)

8

where: n = number of dynode stages

7 1l = number of penetrating clectrons per incoming electron

1

secondary emisgion ratio for signal electrons
5‘. = socondary emission ratic for electrons which have penetrated the
preceding dynode film and arrive with an energy larger than that of the
signal electrons.,
The relative number of electrons at the output produced bty electrons which

have penetrated two succeeding stages is
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Nh;lo(2) B B 1;52}53}_ o T2 2)

2
s 1 S;

/j 2 = penetration ratio of electrons which already have penetrated one dynods.

8 3 - secondary emission yileld of the above electrons at the third dymode.

-

Since % 1 772, «.. are nurbers smaller than one and O 1’ 82, eees arve

decreasing rumbers with increasing subscriots, the expressions for "higher order”

penetration processes are usually small compared to the first order expression (1)

am may be neglected in this estimate.

To calculate the contrast of the signal spot to the immediate surround, the
area of the spot and the halo must be considered. The area of the signal spot is
roughly -;L? where R 1is the resolution of the image tube in line pairs per unit
‘length.

The radius of the halo deperds on the ratio of flight time of ths penetrating
electrons to the flight tims of the "signal® electrons. This ratio gives the
fracticnal 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:

1 2}
i _ (d B)(Vox) \/ 2e V. * 0 _1\) (3)

l:Se Y o Vox



1/c o the dif.erence turns out to be wbout 1/5 of the ebsolute field strength.
«ith an ebsolute field strength of 600 Y/ip. (3 KV on a distunce of' 5 nm) the lerg-
est additionul deformution is less than 1 .. The direction ol this edditionul ue-
formation of the tnin foils leads to a spell intencification of errors cuused by
deviations in the foil se¢perctions,

To review &ll »f the prececin_ influecnces on the resolution, we rewrite the
fin:l expressions of each eflfect:

itesolution per stage wue to

(<2)
(@) sireud in initisl velocity: &, = 1 P
¢ 740
(b) veriation in macnetic flux density:
R =E SRS
AL o2qn an 9, A (28)
{¢) veriction in electric field strength:
Mg~ & Je 2 (32)
a\%e AT
(d) wvuriation in uistunces between parallel clectrodes:
R = 1 ¢ )
S €
Ad 5Ad ¢: (30)
Assuing ¢ geussicn cistribution in electron current censity wacross the circle

of confusion <nd using the inde,encance of ¢ll of the above fuctors, onc can cal-

ulete the Total resdlving ,0.er O one stuge in the foliowing eyuation:

1 = oo
- 1 + 1 S Hoa
Stuce 5 S A< 2
Ave s 4€ Rp g (22)
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In the following tubles we give some egauples of quantitative values of' the
different contributions cue to spreud in initisl velocity, veriction in electrical
fielc strcngth, megnetic flux density and-electroce distances, :

TabLe 1

(@. = 3600 volts; P = 2 volts)

hAvc 3 :’% 180 90 60 50 line puirs/nau
. = )0k _ . ) )
AL Ja-‘g 8.0 hey 263 142 line pairs/um
feor A'B/E = 01,01
}‘Ad = ?_vAl(.l;:L .

213 213 213 213 line puirs/ani

Ad = 0.1 1
ToHLL 2
(@, = 10,000 volts;Po = 2 volts)
u(l;.n.) _() 10 l_', jO
I\Av gt oL0 250 1o7 8l Line pairs/u.
G d

sy 108
G 1400 700 567 234 line pairs/mm
tord o/« = 0.01

“Ad ou | _
a .
d = 0Ll 35¢ 350 350 350 line pairs/mm




B 1259 628 19 209 Geauss
i 3,34 x 10'3}3 B
AB= T A—B
s 3
A B= 0,0z 210 105 70 35
B
n=1ag =0,01 420 210 140 70
B
AB = 0,005 81,0 420 280 140
LB
e 2 105 52 35 17 } line pairs/ii.
n = j 70 _5_‘) 43 11
AB=0.02 g n=4 53 26 17 8
B
n=5o6 35 18 Tl 6
A J

Table I} showvs the mugnetic flux density as a function of electroue separstion

and number of nodes in the electron path for a stage voltage of 3.6 KV (oy. 14).

TrELE )y
d (mn) 5 10 14 30
n=1 1255 028 419 2u9 £auss
B
n =2 2310 1e55 838 418 £auss

It turns out that the contribution cue to uncertuinty in electric field
strength is ususlly negligible. The contributicon by the uncertainty in electroue
cistance can be kept fairly low. The nain influence coues in case of lurge clec-
trode distance from the inaccurcucy in magnetic fielc strength and frow the spread
in initisl velocity. It is jossible to compensate changes in ma_netic fiela strength

along the <ube axis by adjusting the stege voltage.



(This voltage c¢.n be chunged by 10% without effectin_ the yield consicerably). also
by this meens one muy comjpensate for differences in the electrode distances from
stegce 1o stupe, rHowever, radiul varistion in field strength as well as non-paral-
lel plucement of the dynoces give rise to sistortions for which therc is no com-
AN

rensetion, The maxinuwa veluce of radial variatiog in negnetic fielc anu electrode
sepuretion, therefore, nust be le 5 thun the tabulutecd values of both uantitics,

Tuble 5 gives the total resol.tion, culculsteu with equution (2z), for one
teoe under cdilferent conditicons as they occur in difterent parts of the tube; w
sypical nultiplier stace, the first multiplier stage wfter the photocuthode, and
tie lest stope torndng the ima_.e on the phosphor. Froun these figures the overall
resolution of & {our-stuge tube is calculwtec by a formula of tyre (¢2) enu the

results ere given in Table 6.

ToELE 5
Total ncsolution rer sStage
d aAd ¥ ond cpo o E B 4B Kesolution
E B n Line paire/mm
o ool KV Volts Gauss

Typical 5 0.1 3.6 - 0.01 1255 0.005 1 133

tultiplier 10 .1 2 .01 6286 0.01 1 76

tuge or 15 il s P .01 418 0.01 1 LY

Cathose bl A b .01 209 002 1 22
Stagce

7.0 & 10 ‘ g.0% 1255 0.02 2 )

Faosphor 028 1 75

Sta 26,9 418 il 53

53 209 'l 28
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1.

The penetration ratio 7 , should be as small as possible.

The yield for penetrating electrons ) 2 should be as small as possible
compared with the yield 81.

The resolution of the system should be as high as possible.

The ( ¢ sin P ) of the penetrating elsctrons should be maximized.



APPENDIX IV
RESOLUTION LIMITATIONS IN THE FRONT SURFACE

SECONDARY EMISSION SCHEEN AMMPLIFIER

Shown in Fig 78 is a sketch of the image section structure under consideration.
Electrons emitted by the photocathode 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 photocathode into a
retarding electric field region, reverse direction and are accelerated through the
open areas of the screen to the succeeding dynode. The spacings between dynode
stages and between the final dynode and target T are relatively small., DBecause 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 time 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. 1In this analysis,
uniform plane parallel electric fields are assumed to exist in all stages and the
effects of field peretration 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:

Yin = IQ_CQEi.Z._e_ (mm) (1)

Where 8 is the anzle that the initial velocity makes with respect to the

retarding potential field gradient E in volts per rm and Vo is the initial emission
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Figure 78. Front Surface Secondary Emission Amplifier



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 © Cos® (mm) (2)
m E

The radius of the circle of confusion corresponding to this displacement is

2 X m=p. We now define limiting resolution as:

R = 1 (lire pairs) (3)
2p mm
After the secondary electrons have returned to the plane from which they
originated, additional radial spread occurs between dymode stages and in the f{inal

dynode to target stage. This inter-dynode stage spread is approximately defired byz
Vo Sin o< (mm) ()

Where V is the inter-stage potential difference in volts. 4 is the ctage
spacirg in mm and O¢ 1is the angle which the *iuitial veloelty maras with respect
the normal to the nlane of the dynode. In eriving Eg (L), the assunpiion was
mate a2t the indtial amission velocity of sec~ndery elezeursns 45 negligibiry emall
comparad te L.eil average velocity between stages,

The resulting liiiting resolution of tne secondary cleciron image 38 obtainad

by combining the latearal s%)reads and ic expressed by:

& = 1 (lire peirs) (5)
2 (p+X) mm

Fig 79 shows a sketch of the parameters involved.

Ll &



where
tf and tse = flight times of penetrating and secondary electrons

respectively

B = magnetic flux density

V = stage voltage

¥ = velocity component of the electrons in the direction of

the axis of penstrating electrons at the penetrated film

d = inter-stage distance

e and m are the electronic charge and mass

It is seen that this ratio depends on Vox? 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 erergy of 0.6 Ep after penetration (Ep is primary
energy) the completed angle is such that the radins of the resulting circle cof
confusion, produced by the primaries, is in the same order of magnituie as the
radius (r) of the circle that the fast electrons travel in the plane perpendicular

to the tube axis. The area of the circle of confusion is approximated by

2
'I?fraz 7r(voy ;""g) (k)

2 2e
or with voy = vosin @ ard ¥S- = vst s where Vgy 1is the stage voltage

and o< the average energy of the penetrating electrons relative tc the primary

energy:

o
p—

n”

cr

m =2
2 sin? @ —&

o2}
[\

(57

Introducing the focal conditio- which establishes the relation between stage

voltage and magnetic field



2 2
2 x° (zem) Vg (6)

2 sin? @ (7

Since we assumed for the signal spot size f = -?? , where R is the resolution
in line pairs per mm , we might replace W by L and find for the ratio of the

signal spot area to area of the halo.

s 4 9 B = area of signal (8)
F R% d%cc sin?Q area of halo

Because the stage distance d 2and the number of revolutions k 4is a constant

for a given tube we write

i B hx?
L ey TR B where = — 9
F R"X sin“ o & 9

The ratio of the brightness in the signal spot to the brightness in the surrounding

halo for a single point is

BH Nhalo i n ‘1) 82
= - aoBMe L - JZLZ_ N - [ - S—
BS > point NS F ( 31 S | R2ox sin2¢ 03



With the help of Eq (10) the contrast ¢ of the signal spot to surrounding
neighborhood can be fournd

Bs By . (11)

Substituting in Eq (10) the values for a L stage tube:

1
n=; '71-0.2; 82- 81-5 S =~ 0.08 ;2-;
%= 0,65 sinfp = 0.2; R= 10 1p/mn
we find

B
H =
B ~ 10 3 or the contrast is practically one for a reproduced

. =
single spot.

Est_.imting the contrast in the neighborhood of a single line, one must
conside'r' the fact that the brightness of the overlapping halos of nsighboring

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, %I'
- 4T or with Eq (7) .
F=
o 12
p . R d 2 sing@ oc (12)
- T et

To find the brightness ratio for a line, Eq (10) must be multiplied by B=



| 1
(E_H. ‘ - \Vn-—l ..7_.._2.1 P + -%—1 . S . S, (13)
\ 55 'line 61 1 7 R sin @ o<
\
Using the above stated values for a four stage tube, the ratio is

[

\

The ratio for two parallel lines which can just be resolved will be about
twice as much as that given in Fq (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 irmediate vicinity of a given line. The assumption that the brightness
ratio will not be more than about 10! for a set of ‘just resolvable parallel 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 penetrated a film once. Those electrons which
peretrated more dynodes will give rise to a decrease in the above contrast figures,
ALBO, electﬁms back scaltered from a film will introduce additional background
brightness. Because of this complexity it is difficult to account for the effects
of all these "background" electrons in a reliable way. An experimert must give the
a‘nswer.

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,
Referring to Fig 3, we can adjust the retarding field in front of the first dynode
to limit the lateral excursions of the secondaries so that electrons emitted at any
mesh bar at an angle € equal to hSo will return through the irmmediate adjacent open
areas of the screen. For the 750 wire per inch structure selected, this lateral
spread is approximately .03l mm with a corresponding retarding field of 240 volts
per mm., Combining the assumed lateral spresad of two mesh bars widths in the
retarding field region with the inter-dynode stage spreads shown in Fig 81, the
resulting resolution of the image formed at the target of a single stage tube is
shown in Fig 82, as computed with Eq (5). 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 aprarent 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 mesh in front of the
first dynode serves the pumose of providing a means of reduciné 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 240 volts per mm.
If the inter-dynode stage spacing was increased to the extent where this field
cordition existed while maintaining a reasonable dynode primary voltage, the
lateral spreadl of secondaries 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 secorndary electrons from the dynode surfaces through the open areas

of the screen. To maintain the close inter-dynode stage spacings required for good



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 vicinity 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 screer at the corresponding dynode potential.
This results ir an increase in la‘teral 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 obtainea. It is clsar that
the spacing between this field control mesh and the surface of the dynode becomes
an important fattor in the determination of the resolution capability of the dynodse
stage.

Shown in Table I are the overall system resolutions computed from Eq (5). The
dynode in this theoretical design consists of a fine-mesh screen with & structure
of 750 wires per inch. Where a field control mesh is employed, the initial lateral
spread of the secondary electrons in the retarding field region is assumed to exterd
only two nsch har widths, where the angle of emission is 45° with respect to the
nermal to the mesh bar., As dascribed previously, this lateral spread is detemined
Ly the field ~comeol perna locsted in front of each dynode. The lateral spreads
occurring In v inter-dynude stipcs 4l in the fipal dynode to target stage are
cormputed for varions assumed spacings,

Table II shows the computed overall system resclutions with stage spacings
approximating those used in constructed tubes. With the exception cf 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 T2kl 1,
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Referring to Eg (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 field in front of the dynode. Using a
typical operating voltage of 500 volts between the photocathode and first dynode,
with a stage spacing of L2.5 mm, the resulting diameter of the circle of confusion
is 0.68 mm, This value is computed for an emission angle 8 of 1,5° corresponding
to a condition of maximum lateral spread at the originating surface. From Eq.(3)
we then obtain a limiting resolution of 1.5 line nairs per rm. 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 hizh 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 determining
resolution. The lateral spread between dynodes as a function of stage spacing and
accelsrating voltage is plotted in Fig 81 as computed with Eq (k). The angle o
with which the secondaries enter the accelerating field, is taken as 45°. This
argle does not necessarily give the maximum lateral excursion, but is selected so
as to correspond with the angle of emission of the secordaries into the retarding

field which was chosen to give maximum spread at the plane of the dynode.,

PINA
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