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PREFACE 

This volume presents the results of the Image Intensifier Symposium held on 
October 24-26, 1961, at Fort Belvoir, Va., and jointly sponsored by the Kational 
Aeronautics and Space Administration and the U.S. Army Engineer Research and 
Development Laboratories. 

Very significant advances in the science, technology, and application of image 
tubes have been made since October 1958 when the USAERDL sponsored the 
first Image Intensifier Symposium. This second symposium was held to provide 
an opportunity for those interested in image tubes to meet and compare notes on 
these advances. 

It· is our hope that symposia such as this may be held in the future as war
ranted by progress in this field. 
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1. SUMMARY OF BRITISH IMAGE TUBE SYMPOSIUM 

RAY V. HEMBREE, Research Projects Division, George C. A{arshall Space Flight Center, NASA 

The Second Symposium on Photoelectric Imag
ing Devices as Aids to Scientific Observation was 
held at the Imperial College, London, on Septem
ber 5-8, 1961. Since the proceedings of the 
London meeting are to be published by Academic 
Press by June 1962, this summary will be quite 
brief. 

Approximately 200 persons attended the meet
ing, and during the 4 days, some 60 papers were 
presented. The growing interest in the photo
electric imaging field is evidenced by the increase 
in the number of papers by a factor of 2 over the 
first symposium of 1958. 

A. Lallemand, Paris Observatory, opened the 
first session with a short talk on the Lallemand 
electronic camera. Some of the problems en
countered with its use and the prospects for 
future use in astronomy were discussed. It is 
significant to note that in 1958 it was reported to 
have been in use at two observatories, whereas it 
is presently being utilized at five observatories 
including Lick Observatory, Mount Hamilton, 
Calif. 

Eight additional papers followed regarding the 
Lallemand camera. G. Wlerick, Paris Observa
tory, reported on some laboratory experiments 
designed to study the properties of photocathodes 
such as drying, cooling, ionic pumping, and other 
factors that influence the pressure and sensitivity 
of photocathodes used in the electronic camera. 
Dr. Wlerick also discussed the use of the I,al
lemand camera in photographing the planets, 
Uranus, Jupiter, and Saturn at Pic-du-Midi 
Observatory. Using the same equipment, 
J. Rosch described the rhotography of double 
stars. M. Duchesne, Paris Observatory, described 
a magnifying electronic camera under develop
ment that is to be used in conjunction with a 
scintillation chamber for nuclear physics. G. E. 
Kron discussed the modified Lallemand image 
tube that is used experimentally at Lick Observa
tory, and M. F. 'Walker discussed some recent 
observations obtained with it. Dr. Kron also 

suggested that a xerographic process of some kind 
be substituted for the photographic emulsion so 
that it can be baked clean. This would insure 
longer life and the use of the Lallemand tube 
would be simplified. 

W. A. Hiltner, Yerkes Observatory, described 
an electrostatically focused electronographic image 
tube of new design, incorporating a barriet
membrane of aluminum oxide to separate the 
electron-sensitive emulsion from the photocathode 
section of the tube. When the tube is used at 
the focus of the 40-inch refractor, the sky back
ground is 160 times greater than the tube back
ground. Eight- to ten-hour exposures are possible 
before the background density exceeds 0.1. Sen
sitivity is 30 A Land 40 line-pairs/mm resolution 
has been achieved. Only 5 minutes are required 
to change plates. 

Two additional papers on electronography were 
presented describing work at the Imperial College. 
Image tubes have been constructed using thin 
mica end windows. One such tube with a 6.3. 
micron window can withstand 3 atmospheres of 
pressure and resolves 55 to 60 line-pairs/mm. 
However, an operating potential of 50 kv is re
quired for some 80 percent of the electrons to 
penetrate the mica window. 

Closed-circuit television certainly held an 
important place among the topics of the London 
meeting. Over one-third of the papers were con
cerned directly with television pickup tubes or 
with their use as a vital part of an image intensi
fying system. 

S. Miyashiro of Japan described several methods 
of minimizing the black-border effect produced by 
image orthicon tubes. The most successful 
method was accomplished by adding another 
collector mesh electrode in the image section of a 
standard image orthicon tube and controlling the 
voltage independently to that of the other elec
trodes. In addition to collecting the undesirable 
secondary electrons, it has the advantage of 
focusing them. In the examples shown, the 
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black-border effect was definitely minimized, but 
the image seemed slightly softer. The sallie 
speaker presented results of experiments con
ducted to produce changes in magnification with 
an image orthicon tube. The maximum zooming 
ratio achieved to date is 1.7 to 1.8. Larger ratios 
are expected in the future. 

Characteristics of magnesium oxide targets 
versus those of conventional glass targets for 
image orthicons were discussed by R. B. Burtt 
of England. Magnesium oxide targets developed 
within his laboratory show a gain in sensitivity 
approximately an order of magnitude over glass 
targets. He also described an image orthicon 
with an aluminum oxide target capable of storing 
a star image for 3 days with no apparent image 
deprecia tion. 

J. A. Hynek discussed the potentialities and 
limitations of image-scanning techniques in astron
omy. Two programs were described: one at the 
Dearborn Observatory where an image orthicon 
system is attached to an IS-inch refractor, and 
the other at Organ Pass Station in .New Mexico, 
where a 12-inch reflector, coupled with an image 
orthicon system, is used. At Dearborn, such 
problems as enhancement of contrast determina
tion, the detection of faint objects, and the study 
of slow-scan techniques are being investigated. 
At Organ Pass, the investigations include the 
resolution of spectral class differences in objective 
prism spectroscopy, and the determination of 
positional resolution of astroid:;; and other slow
moving astronomical objects. Dr. Hynek pro
posed a monochromatic scanning beam for im
proving the image orthicon tube for astronomical 
uses. 

J. H. DeWitt, Jr., reported on an image 
orthicon system using slow readout that is in use 
at the Dyer Observatory. The equipment was 
recently evaluated at the Lowell Observatory on 
the 24-inch telescope and gains of IOO-plus over 
fast photographic plates were achieved. Umita
tions of the system are evident in the resolution 
and the dynamic light range. Also described 
was a method for electronic widening of spectra. 

W. C. Livingston described an image-orthicon 
camera chain that is in use at Kitt Peak for 
stellar photometry. Some of the electronic 
features include direct coupled blanking and 
scanning circuits to obtain time independent 
operation. By sequential scanning, "crosstalk" 
between the reading and image sections of the 
orthicon is eliminated. The Kinescope image 
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diameter was found to be a linear function of 
stellar magnitude over a range of six magnitudes. 

E. W. Dennison, Sacramento Peak Observatory, 
discussed the application of an image-orthicon 
intensifier system III solar photometry. TIe 
proposes to take advantage of the rapid photo
metric readout of the image orthicon to record 
motion pictures of solar corona where rapidly 
changing phenomena takes place. 

It might be appropriate at this point to mention 
some work done by W. A. Baum while at the 
Imperial College. Dr. McGee presented the 
paper in Dr. Baum's absence. An instrument 
was designed and constructed for making quan
titative "astronomical" tests in the laboratory. 
A small test image is projected with a controlled 
amount of li&ht onto the photocathode of a tube 
being evaluated. The test image consists of a 
resolution pattern, three calibrated sequences of 
simulated spectrum lines, a calibrated sequence 
of simulated star images against a "sky" back
ground, an intensity step wedge, a sequence of 
double stars, a contrast-dilution test, and a scheme 
for measuring magnification and distortion. Ex
cept for the last item, the performance of the tube 
can be quantitatively specified by simple inspec
tion of the image recorded by the tube. This 
device was proposed as a laboratory standard for 
measurement and testing of photoelectric imaging 
tubes and the attendees indicated considerable 
interest in it. 

Five papers were presented on the subject of 
X-ray image intensification employing closed
circuit television coupled with image intensifier 
tubes. G. W. Goetze, Westinghouse, discussed 
results of an experimental system that incorpo
rates a transmission secondary emission multiplier 
section directly into the X-ray image intensifier, 
thereby avoiding losses due to optical coupling. 
W. IIerstel, Leiden University Hospital, showed 
motion pictures taken with his system, and 
C. A. Greatorex, Institute of Cancer Research, 
England, described image storage techniques 
applied to diagnostic X-ray image intensification. 

Several papers were concerned with vidicon-type 
tubes. Included were: a lead-oxide vidicon by 
E. F. de Haan, Phillips Research Laboratories, 
Netherlands; an infrared-sensitive vidicon equipped 
television demonstrated by W. Heimann, Ger
many; a UV-sensitive vidicon discussed by J. 
Wardley, EMJ, England; the Ebicon described 
by R. J. Schneeberger, Westinghouse; and the 
Tenicon (a high resolution information storage 



tube) by B. W. Manley, Mullard. Research 
Laboratories, England. 

Some 10 papers were presented on the use of 
image intensifiers in 'nuclear track recording. O. 
Gildermeister, Bonn University, described an 
image intensifier system designed for particle track 
recording that incorporates a four-stage image
converter tube. D. A. Hill, MIT, described a 
three-stage cascaded image intensifier tube com
bined with an image orthicon in a Bendix Lumicon 
system to record particle tracks in a sodium chlo
ride crystal chamber 15 cmX15 cmXI0 cm. Ap
proximately 400 X photon gain is achieved with 
this system. G. T. Reynolds discussed filament 
scintillation chamber experiments conducted at 
Princeton University. J. A. Newth, Imperial Col
lege, described a system utilizing two 5-stage 
image intensifier tubes used to photograph cosmic 
ray tracks, in a sodium iodide crystal. R. F. 
Doolittle, STL, suggested the application of scin
tillation chambers for space research to measure 
gamma ray flux, very high cosmic radiation, and 
radiation belts. 

Other topics presented include progress reports 

on solid-state image amplifiers and the channeled 
image intensifier; image intensification for direct 
observation and for high-speed photograpbic 
recording. 

The London m,eeting was a success in that it 
provided an opportunity not only for formal pres
entations but also for personal discussions with 
research workers interested in advancing the state 
of the art and with those who use the various 
devices and techniques as practical tools. 

The many progress- and improvement-type 
papers indicate that a considerable amount of 
work is being done. The increasing use of photo
electric imaging devices is quite evident. 

It is obvious that each new advancement is the 
product of much intense effort. Some expressed 
the belief that the state of the art is advancing 
slower than was anticipated a few years ago; how
ever, the general feeling was one of optimism. 
Most of the speakers spoke enthusiastically about 
their future plans for research and development in 
their respective areas. It is apparent that this is 
certainly a business for serious professionals who 
have chosen a difficult field. 

Discussion 

A. B. DOTY, Jr.: How can proceedings be obtained? 'Were any 1.0. tube developments indicated 
whose performance, i.e., size, SNR, electron optics, surpass U.S. developments, typified Py the RCA 
4%-inch I.O.? 

R. V. HEMBREE: The proceedings of the I.ondon meeting are scheduled to be published by Academic 
Press by June 1962. No; I do not remember any reported image orthicon tube developments that 
partic~larly surpass U.S. development. 

A. B. DoTY, Jr.: 'What industrial activities made contributions in Europe on image tubes? Can 
good tubes be purchased there now? 

R. V. HEMBREE: Several industrial firms demonstrated image tubes at the meeting and indicated 
that they were commercially available. 
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2. ASTRONOMICAL REQUIREMENTS FOR IMAGE TUBES 

NANCY G. ROMAN, Chief, Astronomy and Solar Physics Programs, NASA 

Since with the almost singular exception of the 
sun, astronomical sources are exceedingly faint 
by terrestrial standards, the use of image tubes, 
particularly with electronic intensification, pre
sents exciting possibilities for astronomy. Al
ready the use of image tubes has given us ex
cellent photographs of the planets, the sun, and 
the spectra of rapidly varying stars too faint to 
be observed in detail by conventional photo
graphic techniques. The type of image tubes 
required for astronomical and space uses can 
probably best be described by outlining the many 
problems to be attacked with these tubes. 

Perhaps the area in which image tubes have 
proved most fruitful in astronomy to date has 
been in obtaining high-resolution photographs of 
the planets. Turbulence in the terrestrial at
mosphere continually distorts portions of the 
image received at the surface of the earth. On 
nights of good seeing, the whole image of the 
planet will move together, but rarely will the 
image stay in one position for more than a small 
fraction of a second of time. Most studies of 
the planets have been made visually, since the 
eye can catch the short intervals in which the 
image is good and ignore the rest of the signal. 
However, visual observations suffer both from 
subjective interpretations and the lack of a 
permanent record. 

Image intensifiers, by shortening the exposures 
needed to obtain useful pictures of the planets by 
factors of 10 to 100, have permitted astronomers 
to make use of these small intervals of time to 
obtain excellent photographs. At maximum, 
planets have a diameter of approximately 1 
minute of arc. Thus, even the best of seeing 
normalJy will restrict resolution to something of 
the order of 200 lines per image-not a difficult 
achievement for present-day image tubes. The 
details on planets are of very low contrast. 
Hence the possibility of increasing the contrast 
in a small portion of the dynamic range of the 
tube is potentially valuable. Small changes in 

the low-contrast features are of great interest. 
Therefore, to make maximum use of the image 
tubes for these purposes, it is important that the 
tube be sufficiently constant in its intensity 
response to be used for photometric studies. 
Dimensional stability is also important if the 
images are to be measured for mapping, or 
compared for small changes in detail. 

Image tubes have also been used for studying 
the infrared spectra of the sun in wavelengths in 
which photographic plates are quite insensitive. 
For the sun, sensitivity often is no problem, and 
for studies of a few major lines, excessively high 
resolution is not needed. IIowever, for studies 
of spectral details over a moderate wavelength 
range, both high sensitivity and high resolution 
may be required. 

Turning to objects other than the sun and the 
nearest planets, intensity becomes a crucial factor. 
Image tubes have permitted spectroscopic ob
servations of faint stars and high-dispersion 
spectra of moderately bright stars which without 
the use of image intensifiers would require pro
hibitively long exposure times. For this use, it 
is important to have a moderate dynamic range 
with fine gradations which can be depended upon 
to reproduce themselves time and time again so 
that the resulting observations can be used for 
photometric reductions. For such observations, 
resolution also becomes important, although 
spectroscopic observations are simplified by the 
fact that the image tube may be essentially one 
dimensional. It is desirable to observe regions 
of the spectrum 200-300 A in length at one time, 
with a resolution of the fraction of an angstrom, 
if possible. We would thus like to go to image 
tubes with as many as a thousand lines per frame, 
or even higher for some applications. Presently 
we are using photographic plates up to 10-20 
inches in length with a resolution of 30-40 microns, 
or resolutions of the order of 10· lines per frame, 
so image tubes have a long way to go before 
competing with photographic plates in resolution 
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even for such one-dimensional sources as stellar 
spectra. 

The possibility of expanding contrasts at low 
light levels is an intriguing one in the use of 
image tubes for faint astronomical sources. We 
must battle the signal-to-noise ratio which the 
brightness of the sky background always imposes, 
but the use of really high resolution, plus ap
preciable image intensification at low light levels, 
may ultimately permit us to resolve the centers 
of globular clusters and extragalactic nebulae on 
a somewhat routine basis. 

For the space program, image tubes become 
even more important than they do for ground
based astronomy. At the present time, few 
satellites and a comparatively small fraction of 
our rockets provide the possibility of recovery. 
At best, recovery adds to the cost and complexity 
of the instrumentation. Thus, most data which 
we obtain from space must be sent back over 
telemetry links. The electronic readout image 
tube is a natural substitute for photographic 
plates in space applications. In addition to all 
of the uses which I have just outlined for ground
based astronomy, space astronomy extends the 
requirements for such tubes to higher resolution, 
since the atmosphere no longer limits the re
solving power of most instruments, and to a 
very much broader wavelength range. We are 
now interested in using image tubes throughout 
the region of the spectrum in which focusing 
optics can be obtained; that is, from a few hundred 
angstroms in 'the ultraviolet down to tens of 
microns in the infrared. Ultimately, we should 
hope to use the image tubes to obtain meas
urements of close double stars, measurements of 
stellar pa'rallaxes which involve the accurate 
measurement of shifts of star images of a 
thousandth of a second of arc relative to images 
within tens of minutes of are, and other astrometric 
problems. For these, the linearity as well as the 
resolution of the tube becomes crucial and well 
beyond the present state of the art. For space 
astronomy as for ground-based astronomy, sensi
tivity, resolution, linearity and constancy of 
dynamic range, good gray scale resolution, and 
ultimately, linearity and calibratable linear range 
are important. 

Turning to fields other than astronomy , in the 
conventional sense, we find image tubes being 
need for the exploration ofthe lunar and planetary 
surfaces. For these, vidicons within the present 
state of the art are satisfactory, but weight, 
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power consumption, and reliability will always be 
important considerations in the design and selec
tion of such tubes, as well as the ruggedization 
required for all space. applications. Moreover, 
ultimately we will want to extend the use of these 
tubes beyond the visual region of the spectrum 
to both the far infrared and the ultraviolet. 

Tiros has shown the usefulness of television 
techniques for meteorology. An important need 
in the meteorological program is sufficient sensi
tivity to provide pictures of cloud cover at night 
in the absence of moonlight and sufficient dynamic 
range to provide not only day and night pictures 
with the same tube, but pictures of the cloud 
cover of the earth at times when part of the pic
ture is sunlit and part in total darkness. For 
meteorology it is also important to use the near 
infrared, since in this region we can obtain greater 
contrast between the clouds and the ground, 
particularly at night. For nighttime use it is 
important for these tubes to discriminate against 
night sky emission. Thus, we must have tubes 
with sufficient sensitivity to permit the use of 
filters, or with a built-in narrow wavelength 
sensitivity. 

Image tubes are also being used to study parti
cle paths in scintillators, thus eliminating the 
need to recover large emulsion packs as is c~
rendy done using balloons and more recently the 
NERV probe. Needless to say, television will 
play many roles in monitoring equipment and 
increasing visibility in botb manned and un

manaed space flight. 
There is an anticipated need for the use of 

image intensifiers in automatic control of space 
vehicles. Dimensional stability and freedom from 
need for maintenance are the prime requirements 
for this application. Also amplification, resolu
tion, and dynamic range are important. 

Image tuhes also have a currently minor, but 
potentially important, role in the tracking of 
satellites. For this use it must be possible to 
combine tbe detector system with an automatic 
technique for determining the satellite position 
and feeding the necessary information into the 
computer. It is possible to do this with current 
tubes, but linearity and good dimensional stability 
would make the task appreciably easier. For 
tracking the satellites we are now launching, it 
is important to have tuhes which are capable of 
tracking 10th to 12th magnitude objects at night 
and 4th magnitude objects by day, with an 



accuracy of 5 seconds of arc or better. In a few 
years, as lunar shots become increasingly im
portant, optical tracking must have the capability 
of tracking 16th to 18th magnitude objects by 
day, and 8th to 9th magnitude objects by night 
with an accuracy of 2 seconds of arc. Only if 
optical tracking meets these conditions will it be 
useful in that stage of the development of the 
space program. 

For later periods in the program we are already 
beginning to consider the use of masers not only 
for tracking beacons but also for telemetry. To 
accomplish this we must have an image tube 
with a fast response time which can see 20th 

magnitude at night and 10th to 11th magnitude 
during the day, and can track with an accuracy of 
better than 1 second. Eventually, we may even 
wish to put tracking stations on the moon. This 
wiII permit us to extend our wavelength range 
considerably but, in common with all space appli
cations, will require'serious consideration of prob
lems such as the weight and complexity of the 
tracking station, and its ability to operate in the 
hostile environment. 

I trust that this brief review of currently 
foreseeable uses for image tubes has presented 
enough problems to provide each of you a 
challenge. 

Discussion 

R. W. DECKER: Could you give me explicit specifications for an IR image tube (beam readout), 
using a spectral range of approximately 1 to 22 that would be useful and desirable for one of the appli
cations you described? 

N. G. ROMAN: This is a good question. I am tempted to say, "Glad you asked it," and sit down. 
However, I shall try to be a bit more helpful by giving some figures for two examples: 

(a) Star mapping in the JR. A GO star, similar to the sun, of apparent visual magnitude zero 
(very bright) has an intensity between I and 2 microns of 5.4XIO-2 ergs/cm2/sec. To map an appre
ciable number of stars, one would want to go to perhaps 10th-magnitude stars; i.e., 10,000 times fainter. 
Thus, with a lO-inch telescope each star would have an image brightness of 2. 7X 10-3 ergs in the spectral 
band. Provided it were not too bad, linear resolution would not be critical. About 200 lines per frame 
would be useful. Observing stars cooler than GO would increase their brightness appreciably in this 
spectral range, but the stars become rapidly fainter toward longer wavelengths so this may be a typical 
figure for this project. 

(b) Infrared map of Mars. The thermal radiation received from Mars at opposition is 2.1XlO-~ 
ergs/cm2/sec. Most of this emission is in the 1- to 22-micron region, so for the present purposes we 
might assume that all of it is. To obtain 0".5 resolution on the planet, we would need 200 lines per 
frame or 40,000 picture elements. Thus, for a lO-inch telescope, we would need a sensitivity of 2.6/10-6 

ergs/sec/picture element. Integration to build up the image is quite possible for either application 
provided resolution is not degraded thereby. ' 

R. C. IJULER: lIow much improvement do you experience in use of image orthicon tubes over 
conventional photography for stars? 

N. C. ROilIAN: This ranges from 10 to 100 times, depending on the brightness of the star. Pho
tographic plates are increasingly poor at, lower ,intensities because of reciprocity failure. 

A. D. COPE: Does the term "dynamic range" apply to range in a single frame or the operating 
range for successive frames? 

N. C. ROMA:-i: We would like the large dynamic range in a single frame in many cases. However, 
we would be willing to compromise on obtaining it with a few successive frames with the same instrument. 

7 
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3. SOLID STATE IMAGE INTENSIFIERS 

F. II. NICOLL RCA Laboratories, Radio Corp. of America 

Introduction 

The combination of electroluminescent layers 
with photoconductive layers to form imaging 
panels is now several years old. During this time 
single element devices of many kinds have also 
been made which will perform various functions. 
For the present discussion only those which have 
been made in panel form and which use radiant 
input will be covered. The continuing interest 
in image-intensifying panels is shown by the 
fact that many research laboratories in the 
United States and others in Holland, England, 
Germany, and Russia have made such panels, 
although the results have not been published in 
all cases. A good bibliography of published 
pa pers on the subject has been prepared by I vey 12 

and several review papers on image intensifiers 
have also been written.345 

Two types of panel have been described in the 
literature: one combines the properties of light 
sensitivity and light emission in one physical 
layer,6 and the other separates the two by using 
discrete electroluminescent and photoconductive 
layers. It now appears from published results 
that this latter approach may be more desirable 
because the special properties of a highly sensitive 
photoconductor and an efficient electrolumines
cent material can be optimized in the two separate 
layers. In addition, the use of two layers allows 
great flexibility in design and, as will be pointed 
out later, makes it possible to construct panels 
suitable for different radiant inputs, or having 
different input-output characteristics. Color 
imaging panels and light-triggered storage panels 
can also be made. Many of the variations in 
characteristics are achievable because of the 
possibility of choosing independently the desired 
photoconductive and electroluminescent materials 
for the layers. Freedom in controlling impedance 
match and feedback between the layers is also of 
great importance. 

Operating Principles of Solid-State Image 
Intensifiers 

A simple elemental intensifier unit is a series 
combination of a photoconductive cell and an 
electroluminescent panel with an a.c. voltage 
across it. To be representative of a panel 
device, these two elements should be the same 
size, since in general the image intensifier panel 
wilJ have equal input and output area. The 
simplest form of the device also requires an 
opaque shield to prevent output electrolumines
cent light from feeding back to the photo
conductor at the input. Operation aa an in
tensifier involves a decrease in impedance of 
the photoconductor when light falls on it. This 
in turn causes an increase in current-flow resulting 
in light emission from the electroluminescent 
layer. In practice, only the change of resistance 
of the photoconductor needs to be considered, 
since change of capacity with light can be 
neglected. However, under zero illumination, 
it is necessary that the capacity of the photo
conductor should be considerably less than that 
of the electroluminescent layer. Since dielectric 
constants of the two materials are similar, this 
means the photoconductive layer must be, in 
effect, several times thicker than the electro
luminescent layer. This condition greatly affects 
the design of image intensifier panels. 

It is clear that the mode of operation of a 
panel is also greatly affected by the presence or 
absence of light feedback from output to input. 
The presence of an opaque barrier between 
input and output means that the photoconductor 
operation is independent of the electroluminescent 
output. A simple photoconductor will merely 
decrease in resistance as light falls on it, with the 
result that output light will increase with in
creasing input light. If the photoconductor 
alone shows bistable operation, then image 
storage can be obtained in a panel without 
optical feedback. 
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Optical feedback when properly controlled 
can be used to alter the input-output character
istics considerably. Full optical feedback gives 
bistable action and image storage is possible. 
Partial feedback alters the rise and decay char
acteristics of the panel. In the presence of 
optical feedback it is always necessary to main
tain some form of elemental compartmentalization 
in order to prevent lateral light spreading and 
consequent degradation or loss of the image. 

Large-area panels of various types became 
possible with the development of sensitive photo
conductive material in suitable form. Up to the 
present the only such materials of high sensitivity 
(amperes/Iumen) are cadmium sulfide and cad
mium selenide in the form of powders and sintered 
layers. These materials, however, have made 
possible the construction of a number of panel 
devices. Most of these have been realized with 
photoconductive powders t'mbedded in plastic, 
controlling electroluminescent layers of phosphor 
powders embedded in plastic. Since present 
electroluminescent layers require a.c. in order 
to operate, so also do the intensifying panels. 

It is of interest to point out how the use of 
powders has helped to make possible the rather 
high-quality images which have been obtained. 
Finely divided powders are excellcnt means of 
averaging nonuniformities in individual particle 
properties and in effect trade some loss in overall 
sensitivity for increased uniformity and picture 
quality. 

Solid Layer Panels 

The simplest form of image intensifier panel 
is merely two contiguous layers of photoconductor 
and electroluminescent material, with an opaque 
insulating layer between them to prevent optical 
feedback. This type is shown in figure 3-1. 
As pointed out earlier, the photoconductor layer 
should be several times thicker than the electro
luminescent layer so that light emission from the 
electroluminescent layer will not occur with the 
photoconductor in the dark. This immediately 
poses a problem. Since commonly used electro
luminescent layers are about 1 mil thick, the 
photoconductive layer must be 5 to 10 mils 
thick. A 10-mil-thick layer is however very 
opaque to. light, and thus under illumination only 
the top portion becomes conducting. This 
simple type of panel nevertheless has a use in 
X-ray image intensification because X-rays can 
penetrate the photoconductive layer quite ,,-ell. 
Figure 3-2 shows the transfer characteristic for 
X-ray input. In addition, the output character
istic of a commonly used fluoroscope screen is 
shown. It is clear that a gain of about 100 X 
in image brightness is obtained for a given X-ray 
input. This type of panel intemifier has already 
found some application in industrial radiography 78 

and in medical fluoroscopy.9 It is capable of 
good halftone rendition, and image quality is 
comparable with a fluoroscope screen. Difficulty 
still exists in some applications because of the slow 
response of the photoconductor, which at low 
input intensity may amount to many seconds. 

INCI DE NT X-RAY IMAGE 

! l l 
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FIGURE 3-1.-X-ray image intensifier. 
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FIGURE 3-2.-Input-output characteristic of fluoroscopic screen and X-ray image intensifier. 

Grooved Photoconductor Panels 

The use of grooving in the photoconductor 
layer is one straightforward technique which 
has been used as a means of obtaining complete 
light excitation of the photoconductor from the 
top electrode to the electroluminescent layer. 
This can be seen in figure 3-3 which shows how 

the sides of the photoconductive ridges are 
completely exposed to light_ Photocurrent flowing 

down the sideb of the grooves must be spread out 
again to fill the same projected area on the 
electroluminescent layer. This is done with the 
current diffusing layer. Panels of this type have 
been made with an input-output gain of 800 
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FIGURE 3~4.~Two-color input, two-color OUlpll! image intensifier. 

times, an input threshold of3 X 10-3 foot-candles 
and a resolution of 500 lines on a 12-inch panel. lO 

Two-Color Panels 

The two photoconductive pO~'ders suitable for 
image intensifier use are cadmium sulfide and 
cadmium selenide. The peak sensitivities of 

12 

these materials occur at 6,000 and 8,000 A, 
respectively. Although the response curves over
lap somewhat, the two materials can be used to 
make a special type of two-color input intensifier 
having a two-color output. The two-color panel 
is a modified grooved photoconductor type (fig. 
3-,1) in which one set of photoconductive ridges is 



made of cadmium sulfide powder controlling a 
strip of blue-emitting electroluminescent phos
phor_ Another interdigitated set of photocon
ductive ridges is made of cadmium selenide 
powder and controls a yellow-emitting electro
luminescent phosphor. It can be seen then that 
a visible light source (with no infrared) striking 
the entire input side of the panel excites only the 
cadmium sulfide ridges and produces a blue 
picture on the output. An infrared picture on 
the input, however, excites only the cadmium 
selenide which produces a yellow output picture. 
These panels have been made in 6-inch size with 
40 ridges/inch. The panel serves mainly to 
demonstrate the two-color technique, since its 
usefulness is limited to specially filtered input 
sources. II 

Sintered Layer Panels 

Slow response is a problem with the powder
type image intensifiers. Cadmium selenide pow
der has a faster response than cadmium sulfide 

powder, but it is not fast enough for use with 
moving images of low intensity. Cadmium 
selenide sintered layers, however, are considerably 
faster, although retaining the property of high 
sensitivity to light. In an effort to discover the 
possibilities of sintered cadmium selenide in an 
image intensifier, measurements have been made 
on a single element composed of a photocon
ductive cell controlling an electroluminescent 
cell. 12 The range of performance is indicated in 
table 3-1 where two extremes of operation are 
given. 

TABLE 3.-I.-Sintered CdSe Image Intensifier 

Operating Input Output 
fre~uency (foot- (foot-

cps) candles) lamberts) 

10,000 0. 1 50 
420 .002 12 

At 10 kc it can be secn that rise and decay are 
rapid and output intensity is high, but gain is low. 
This can be contrasted with the performance at 
420 cps where speed of response is low and output 
intensity is low but the gain is very high. These 
results point up a characteristic of image intensi
fiers in general; viz, that operating parameters 
allow one to increase speed of response at the ex
pense of overall gain. 

Six-inch intensifier panels have been made uRing 
sintered cadmium selenide in a special construc
tion as illustrated in figure 3-5. In this construc
tion the photoconductive layer and the electro
luminescent layer are built up Reparatcly on two 
glass plates which are later cemented together 
with a thermosetting current-diffusing layer 
having a nonlinear current-voltage characteristic. 
The electroluminescent layer is made as usual by 
a "praying technique. The photoconductive layer 
is, however, applied by spraying followed by high
temperature firing on a grooved glass plate having 
conducting lineR at the groove bottoms. This 
structure has some design advantages since the 
whole photoconductive layer is excited by light. 
Also the absence of photoconductive material 

Rise time Decay time Maximum 
(sec) (sec) energy gain 

0. 15 0.02 100 
2.0 .3 ],200 

filling the grooves reduces the layer capacitance. 
Although theRe panels have faRt response, high 

output and high gain, good image quality was 
difficult to obtain because of non uniformity of 
gain. This was directly due to photoconductor 
nonuniformity. Sintered photoconductor sensi
tivity is a function of the firing temperature and 
ambient atmosphere during firing. It is therefore 
difficult to make a uniform layer. This difficulty 
point" up again the advantage of using powder 
photoconductors which, although nonuniform 
from grain to grain, are highly uniform on the 
average in a layer composed of many partides. 

Optical-Feedback Type Image-Storage 
Panels 

Since the fin,t panel-type image intensifiers 
were made, it has bcen realized that optical feed
back could be used to provide bistable operation 
and various proposal" have been made and some 
panels coniltructed.13 H 15 The differences in the 
various types are mainly in the method of pre
venting feedback light from Rpreading. The 
simplest type 13 and one which has been made in a 
6-inch size is that "hown in ~gure 3-6. The two 
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FIGURE 3-5.-Sintered CdSe image intenRifit'r. 
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FIGURE 3-6.-Storage image intensifier with optical feedback. 

main design features are first, the separation of the 
feedback eleetroluminescence dots from the view
ing electroluminescent layer.H This prevents 
room light or halation of the emitted light from 
feeding back to the photoconductor. Second, the 
feedback electroluminescent layer is broken up 
very simply into small areas, thus preventing side
ways light spreadjng and triggering of adjacent 
elements. 

These storage panels have the same resolution 
as other grooved panels, about 40 lines/inch, and 
provide good long-time storage. Removal and 
reapplication of the voltage erases one image and 

14 

resets the panel for another image. i\!ore rapid 
erasure is possihle with special circuit techniques. 
The input light required to trigger on a stored 
image is about I foot-candle-second with an input 
threshold of about 0.02 foot-candle. 

Bistable Photoconductor-Type Inlage 
Storage Panel 

'\ new effect discovered in cadmium selenide 
photoconductors 16 makes possible the construc
tion of image storage panels without feedback. 
Certain problems are involved in obtaining proper 
impedance match between the photoconductive 
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layer and the electroluminescent layer, but the 
panel structure is that of the conventional grooved 
photoconductor image intensifier. 

The bistable characteristics of the cadmium 
selenide photoconductor alone are shown in figure 
3-7, where photocurrent is plotted as a function of 
illumination for two different voltages applied to 
the photoconductor. For fields of 600-v/mm, 
photocurrent increases gradually with illumina
tion. At higher fields of 1,160 vlmm, the photo
current increases gradually with illumination at 
first, hut at a critical leve1 photocurrent suddenly 
riscs hy over 100X. 

Output rem aiDA at this high leve1 even if the 
illumination is reduced or dropped to zero. 
Removal and reapplication of the voltage after 
ahout one-tenth second restores the photo
conductor to its original condition ready for light 
triggering again. The photoconductor alone, with 
careful adjustment, will trigger with as little as 
lO-'-foot-candle illumination, using an exposure 
of 10-3 foot-candle-seconds. 

Three-inch and six-inch storage panels using 
CdSe powder without feedback have been made 
which can he triggered with 10-2 foot-candle
second and have a threshold value of ahout 5 X 10-4 

foot-candles. Because of the particular nature of 
the powder, some halftones are ohtained in the 
picture due to different triggering levels of in
dividual particle chains. 

Comparison of Performance Characteristics 
of Panels 

Several types of image intensifiers and image 
storage panels have heen described which use 
different photoconductors in several different 
designs. It is of interest to compare the impor
tant operating characteristics of the more hasic 
types of simple image intensifiers and image 
storage panels. An accurate comparison is not 
easy to make, especially since the photoconductors 
have infrared response outside the visihle spectrum. 
In tahle 3-II, comparing the various panels, input 
light levels are given as equivalent foot-candles. 

TABLE 3-II-Comparison of Grooved Image Intensifier Panels 

Photocond uctor Panel type 
material 

Amplifier .................... CdS (rs;wder) ........ 
Amplifier .................... CdSe sintered) ....... 
Storage ~with feedback~ ....... CdS (powde~ ........ 
Storage with feedback ....... CdS (sintere ) ........ 
Storage (without feedback) .... CdSe (powder) ....... 

I Probably. 

An equivalent foot-candle is considered as an 
intensity approximately equivalent to a foot
candle, but matching the photoconductor in 
spectral characteristics. The use of these units 
makes possible a significant comparison of the 
~evices using different photoconductors. Gain is 
taken from experimental results and is the maxi
mum ratio of output luminance to input illumi
nance. 

Table 3-II compares five different panel types. 
CdS powder and CdSe sintered layers are com
pared in panel amplifiers, but CdSe powder layers 
are not included. This is because CdSe powder, 
when operated at high fields, exhibits bistable 
operationandihe device becomes an image storage 
panel which is included in the table. CdSe 
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Threshold EXI?ORure fo~ 
Recovery 

inr.,ut et.uiv-
maXImum gam 

a ent ( oot- equivalent Gain time between 
candle) (foot-candle- images (sec) 

second) 

0.003 0.3 800 15-60 
.001 .01 1,200 1 
.02 1.0 200 5 
.02 1.0 1200 15 

1.0005 .01 2, 000 .1 

powder at low fields is rather insensitive and gives 
small gain. 

Two types of image storage panel using optical 
feedback are tabulated, one using CdS powder 
and one using CdS sintered material. In addition, 
an image storage panel using the bistable property 
of CdSe powder is included. CdSe powder devices 
with optical feedback have not been made because 

. of the spectra] mismatch between the photocon
ductor and the electroluminescent material. On 
the other hand, CdSe sintered layers can be used 
to make sensitive feedback and non feedback 
devices. Thus far no actual panels have been 
made, so these devices are not included in the 
table. 



Table 3-II shows the marked superiority of both 
CdSe powder and sintered layers over CdS layers 
of both powder and sintered types. The highest 
gain, most rapid recovery time, and the lowest 
input-light threshold is obtained with the CdSe 
powder used in an image storage panel without 
optical feedback. However, a CdSe sintered 
layer used in an image amplifier is a close second in 
performance. 

Further improvement in device characteristics 
can be expected if CdSe sintered layers are used 
either with optical-feedback storage or with bi
stable operation of the photoconductor. Improve
ment in the present type of image panel using the 
CdSe and conventional electroluminescent layers 
depends to a large extent on technique advances 
in making large uniform photoconductive layers. 
Improved panel designs wiJ] also be needed to 
realize the full potentialities of the sintered CdSe. 

Conclusion 

The properties of presently available photocon
ductors in combinltion with the wen-known a.c.
operated electroluminescent layers have not yet 
been fully exploited in image intensificrs or storage 
panels. Furt .er improvements in the design of 
these rather conventional panels may still be 
expected. On the other hand, there is no doubt 
that further improvements can also be expected as 
materials research progresses. Improved photo
conductors alone would increase performance of 
the panels, but it has also been clear for some time 

that an improvement in efficiency of the conven
tional electrolumines('ent layer alone would imme
diately provide improved performance. Still 
greater improvement would be realized if the 
electroluminescent layer were d.c. operated. This 
is because the sensitive photoconductors operate 
better on d.c. 

In the more immediate future is the possibility 
of making much thinner electroluminescent layers. 
These would allow the use of thin photocond uctive 
layers which hopefully would he thin enou~h to 
transmit light. Panels co].dd then be constructed 
with the sandwich design which is simple and can 
provide high resolution. 

One other possihility for the rather remote 
future is the use of some solid-state amplifying 
layer between the photoconductor and electro
luminescent layer . Various schemes of this sort 
have been proposed in literature, including the 
use of transistors, dielectric amplifiers, and also 
magnetic devices. While many of these can be 
demonstrated as very effective in single-element 
intensifiers, the problems are manifold in design
ing and making large, high-resolution image 
intensifier panels. 

Altogether there is every reason to believe that 
solid-state image intensifiers will improve con
siderably as the' research on light sensitive and 
light emissive materials continues. As the panels 
improve they should become competitive with 
photoelectric image intensifiers in more tt an the 
very few special applications where this is now 
the case. 

Discussion 

M"ARTIN DACHS: What is spectral response of CdSe powder? What is "quantum efficiency" (i.e. 
watts of incident input versus photocurrent output)? 

F. H. NICOLL: The peak response of CdSe powder is at 8001-" At 7001-' it has about one tenth the 
peak response, and at II-' the response is aprroximately 25 percent. Quantum efficiency is a little hard 
to define for the powder photoconductor since photocurrent varies as a high power of the applied field. 
At very high fields the ratio of photocurrent to dark current is low, so one must operate around 1,000 
volts/mm. A gap structure 5 mm X 0.5 mm illuminated with tungsten light 0.05 foot-candle wiH 
give approximately 3001-' amps with the field applied across the short dimension. 

W. F. NIKLAS: 1I0w do the noise levels compare for photoconductors and photoemitters? 
F. II. l\'ICOLL: l\'oise level in a good single crystal of CdS should be due to photons alone and be 

comparable with photoemission. However, in most practical cases, contacts contribute noise, and in 
the case of powder photoconductors, contacts between particles contribute more noise. 

A. E. ANDERSON: What is the lowest input light level at which the full resolution capability of 
CdSe image intensifier screen is obtained? , 

F. H. l\'ICOLL: The lowest input light level which would give an image with CdSe sintcred material 
is approximately 102-3 foot-candles. 

E. LEVINTHAL: 'What is the cause of threshold behavior'! 
F. H. NICOLL: Threshold behavior is related to the nonlinearity of both photoconductor and 
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electroluminescent layer. There are, no doubt, other causes for the behavior, but no investigation of 
them has been earned out. 

R. H. HARDIE: Why are the grooves cut in the photoconduetor layer? 
F. H. NICOLL: The grooves are cut in the photoconductor layer so that light will illuminate the 

photoconductor surface from the top electrode to the electroluminescent layer. A solid layer absorbs 
light so strongly that only the top portion becomes conducting, leaving the remainder as a high-impedance 
capacitor. 

G. SUITs: What is the cause for the increased photoconductive response of CdS and CdSe for d.c. 
operation compared to a.c. operation? 

F. H. NICOLL: The increased sensitivity with d.c. operation is characteristic of powders particu. 
larly, and is related to the fact that current varies as the fourth power of the voltage. With a.c., the 
useful portion of the cycle is rather small. 

I. LEVIN: Do you think that the sintered CdS and CdSe layers are more sensitive to incident 
radiation because more impurity centers are produced by sintering? Is not the greater d.c. sensitivity 
due to the semiconducting behavior? lIave only the Cd compounds been used for the semiconducting 
layer? 

F. H. NICOLL: I doubt whether the increased sensitivity of sintered layers is due to increase of im· 
purity centers, since the powders are also fired, but not as a layer. The elimination of barriers in the 
sintered layers is part of the story and associated with this is a linear voltage-current relationship. Cd 
compounds are the only compounds with sufficient sensitivity for solid·state image intensifier use at the 
present time. 

R. L ZASTROW: What is the resolution attainable (in line pairs/mm)? 
F. II. NICOLL: The thickness of the photoconductor, which is approximately 0.4 mm, limits the 

resolution to near this value. 
J. F. ROESLER: What kind of binder do you use for keeping the CdS together? Which kind of 

epoxy? What sort of material is the opaque layer made of? 
F. H. NICOLL: The binder used with the CdS powder is Ciba CN502 diluted one part CN502 to 

five parts diocetone alcohol. The alcohol finally evaporates, leaving the particles bonded together. 
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4. OBJECTIVE METHODS IN IMAGE INTENSIFIER EVALUATION 

JOH~ JOHNSON, Warfare Vision Branch, USAERDL 

Introduction 

The purpose of this paper is to present a brief 
review of objective image tube evaluation method;;, 
and techniques. We shall specifically restrict 
ourselves to the problem of evaluating the content 
and structure of images since this is the central 
consideration involved. 

The Problem 

The basic problem with which we are concerned 
is schematically indicated in figure 4-1. In 

OBJECT ruNCTIQN 
oc",~,t) 

-~ 

FIGURE 4-l.-Schematic diagram of basic image 
evaluation problem. 

general, we start with an' object function or mes
sage which may be described in the space-time 
domain by a two-dimensional intensity distribu
tion O(x, y) which varies in time. This object 
intensity distribution is modified and usually 
degraded by the image tube into an .image inten
sity function I(x, y, t). Subsequently the physical 
image intensity distribution is processed and 
transduced by the human visual channel into a 
sensation distribution S~t:, y, I) which in turn 
generates, somewhere in the brain, an image 
recognition decision. What we would like to be 
able to do is to calculate the particular effects 
which the image tube response function Rs(x, y, t) 
has on the visual decision making processes for 

real, meaningful object;;,. This is not possible at 
the present time for two reasons. 

(1) Because of their high information con
tent, real objects are very difficult to define 
and manipulate mathematically. 

(2) We do not yet understand the basic 
mechanisms underlying the processes of 
vision and image recognition in the brain. 

Since we cannot solve the general imagery 
problem, we must eontent ourselves with a more 
modest goal. That is, with the examination of 
methods of objective image analysis which will 
allow the evaluation of physical images in terms 
of their subjective impressions of sharpness, 
graininess, and tone. 

The Threshold Resolution Method 

At the present time the most widely used and 
most widely criticized test for visual sharpness 
is the method of threshold resolution. This test 
is schematically indicated in figure 4-2. The 
object message for this test is a serie;;, of black and 
white lines. The line width is progressively 
decreased until the visual observer is no longer 
able to discern line structure in the image. The 
reciprocal of the width of a black-and-white 
pair indicates the threshold line frequency in line 
pairs/unit. The test is relatively simple and if 

O·J·I~ I -0. 'u," TUB< 
SQUAft[ W .... [ SPACE ~~ 
,REOUENC., PA.TT[FlN 

(LINE ~) ::J .... _ 1",4(O[ PATf[RN 

~'" 
... ~ SENSATION 

u~ PATTERN 

,l't,~~ '~ 

FIGURE 4-2.-Method of visual image evaluation. 
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UODULATION D'15111L&Y 

FIGURE 4-3.-0bjective image evaluation based on square 
wave analysis. 

carefully carried out gives good reproducihle 
results. There are however several disadvantages 
to this method. 

(1) It is not an ohjective method but a 
visual one. 

(2) It assesses the system at only a partic
ular line frequency and gives no indication 
of what is happening at lower frequencies. 

(3) It does not allow assessment of the 

degradation contributions of a number of 
image forming elements in cascade. 

Square Wa"e and Sine Wave Response Methods 

In the late forties and early fifties, Schade, 
Coltman, and others developed objective image 
evaluation techniques based on the methods of 
square wave and sine wave analysis. The 
essence of the square wave response method is 
indicated schematically in figure 4-3. The experi
mental setup is the same as for the threshold 
resolution test, except that the visual observer has 
been replaced by a photomultiplier-slit assembly. 
The sampling slit measures the intensity dis
tribution of the image of the optical bar pattern 
as the line frequency is progressively increased. 
As might be expected, the a.c. modulation con
tinuously decreases as a function of line frequency 
which indicates that the image tube acts as a low 
pass space filter. The square wave amplitude 
response method has been used at USAERDL 
since ]953 for the evaluation of lenses and image 
tuhe systems. 

In figure 4-4, we indicate some of the qualitative 
properties of !Square wave response mea~urement~. 
The effect of the filtering response of the image 

DETAIL PROPERTIES OF SCANNED FREQUENCY PATTERNS 
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tube is to first degrade the square wave nature 
of the object pattern and then at higher frequencies 
to reduce the pattern amplitude. The square 
wave amplitude response at a frequency N is 
defincd as-

a.c. amplitude] at N 
a.c. amplitude] at frequencY-70 

(1) 

However, this response factor does not meas

ure the filtering action ~f the image tube which 

results in the wave edge distortion at low line 

number. A somewhat better image sharpncss 

measure is the square wave flux re;;;ponsc. This 

is defined at a frequency N by 

[Mean value of flux over a half wave) at N 
r--~~~-~-~=-----~~~--~~~----~ (2) 
I--[Mean value of flux over a half wavc] at frequencY-70 

Both response factors are plotted against line 
frequency in the lower half of figure 4-4. It is 
obvious that the ;;;quare wave flux response fac
tor is the more sensitive measure of image qual
ity. The important consideration is that the 
square wave response factors permit objective 
assessment of image quality ovcr the whole rangc 
of available line number frequencies. 

A rather elegant way to eliminate the neces
sity for measuring mean flux values is to replace 
the square wave pattern with a sine-wave-type 
optical pattern. This eliminates the effect of 
wave shape distortion encountered at low line 
numbcrs and results in a single measure of image 

quality, the sine wave rcsponse factor. This IS 

defined at a line number N by 

[a.c. amplitmle) at N 
r [a.c. amplitude) at frequencY-70 (3) 

The sine wavc response is shown as a function 
of frequency in figure 4-5. The overall function 
is a completely ohjective measure of image qual
ity. The fUllction is independent of object con
trast and easily allows determination of the effects 
of a number of imaging clcment;; in casca(le. 
The only problem with "ine wave image anal
ysis is the nonavailahility of sine wave optical 
patterns. As a single valucd number for image 
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FIGURE 4-5.-Sine wave image analysis and definition of equivalent bandwidth Ne. 

21 



SHARPNESS 

EQUIVALENT OPTICAL BANDWIDTH 

N LINE FRE~UENCY 

SIGNAL TO FLUCTUATION RATIO 

1000 

100 

t:O 

PHOTOCATHODE IllUMINATION 

GRAININESS 

TONE 

LIGHT TRANSfE~ CHARACTERISTICS 

V') 10-0 
V') 
UJ 10-1 
Z ... 10-l J: 
~ 
a: 10-' 
II) 

UJ 
\:) 

< 
:I 

CONTRAST TRANSfER CHARACTERISTICS 

l
V') 

< a: 
I
Z 
o 
u ... 
:::> 
Il. 
I
:::> 
o 

70% 

60Z 

5O':l: 
40% 

30"t. 
201. 
107-

0".2,0"0 }0'lL ..,0% S.O'. §o"l. 7,0% 
INPUT CONTRAST 

FIGURE 4-6.-The image struct ure factors which define image quality. 

quality, Schade has proposed the equivalent band
width Ne, It is well known from opti('al com
munication theory that the energy or power under 
the sine wave response function may be calcu
lated by integrating the square of the sine wave 
response function. The equivalent bandwidth Ne 
defines the equivalent energy in rectangular form 
such that at the bandwidth frequency Ne the 
sine wave energy falls suddenly to zero. The 1Ve 
figure of merit represents, however, a compromise 
measure in which the low frequency responses 
are considerably favored over the high frequency 
responses. It is to be expected that this will 
give misleading results in images in which the 
act of recognition depends strongly on the per
ception of small detail, sharp edges, or equivalently 
the high frequency image content. 

Image Fidelity Factors 

The sine wave response function measures the 
ability of an image system to reproduce faith
fully sinusoidal variations in space intensity over 
a wide frequency range. _ It_ is, however, not a 
complete measure of image quality in itself since 
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it does not include the d.c. image levels nor the 
variations in image structure with time. In fig
ure 4-6, we indieate the factors whieh objeeth-ely 
determine overall image quality. These are: 

sine wave response function. 
signal to fluctuation ratio. 
d.c. transfer function. 

The signal-to-fluctuation ratio is a measure of 
point-by-point time variations in image structure. 
It is normally measured objectively by sampling 
the image through a known" aperture and measur
ing the r.m.S. noise level in a known electrical 
bandwidth. The signal to r.m.s. noise ratio is 
an adequate measure of image structures which 
vary in time if the power spectrum of the noise 
is flat. If it is not, then it is necessary to meas
ure the power density spectrum of the noise. 
The d.e. transfer functions express the relation
ship between input and output image powers. 
It inelmle;; the effect~ of d.c. noise, linearity, 
gamma, and large-scale image scatter. The objec
tive method" of measurement of d.c. transfer 
factors are well known and will not be considered 
further here. 



Sine Wave Contrast Response 

The question naturally arises as to whether it 
is possible to combine the individual image fac
tors into a single objective image quality meas
ure. One way in which this can be accomplished 
is to generalize the sine wave response function 
to include the d.c. and r.m.s. noise levels. Fig
ure 4-7 illustrates the concept of sine wave con
trast response. This image measure is based on 
a frequency by frequency comparison of the image 
sine wave modulation to the object sine wave 
modulation. The sine wave contrast response at 
a frequency N is defined as: 

C 
output sine wave modulation] f N 

T" d I' at requency mput slOe wave mo u atIon 
(4) 

S· d I . Emax. - Emln . me wave mo u atIon=-E + . 
min. r.m.s. nOIse 

The sine wave contrast response function has a 
basic advantage over the sine wave amplitude 
response. The comparison wave in the former is 
the input wave form, while in the latter it is the 
wave modulation in the output wave at a fre-

quency approaching zero. For logical reasons, 
it certainly seems preferable to use as the basic 
wave form the input wave form and to compare 
it, frequency by frequency, to the output wave 
form. 

The sine wave contrast response function is a 
completely objective measure of image quality 
which should correlate with the subjective im
pressions of image sharpness, graininess, and 
tone. It should be noted that the sine wave 
contrast response is independent of the contrast 
in the object. The performance of an image 
intensifier is completely specified hy the sine 
wave contrast response functions measured at 
various levels of photocathode illumination. It 
should be noted the sine wave contrast reRpomes 
should be measured both statically and dynami
cally. That is, for still and moving patterns at 
various speeds referred to the photocathode. 

COTnparison of Various Image Quality Factors 

In order to compare qualitatively the various 
image quality measures, pictures were taken of 
the imagery generated by a thin film image 
orthicon at 1.8XlO-.5 ft.-c. and 2.7X 10-6 ft.-e 

[
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FIGURE 4-7.-Definition of sine wave contrast response. 
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illumination on the photocathode. These are 
shown in figure 4-8. There is evidently a con
siderable difference in image quality between the 
two pictures. Table 4-1 indicates the threshold 
resolution and equivalent bandwidths Ne meas
ured with square waves for the two pictures. 

TABLE 4-1 

Photocathode illumination 
(foot-candles) 

Threshold 
resolution, 
TV lines 

425 
300 

Ne,TV 
lines 

l.8X 10-3 ft.-c ............... . 
2.7X 10-6 ft.-c ............... . 

95~ 

85 

On the basis of these two measures, we would 
expect that the differences in image quality 
between the two pictures are less than 25 percent. 
The square wave ~ontrast response functions 
plotted beneath each picture indicate much 
greater differences, especially in the lower line 
number frequencies. At these low frequencies 
the differences in contrast response is almost an 
order of magnitude. Overall, the square wave 

-5 
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L THRESI-lOlD R[SOLUTIOr. 
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~ 

contrast response functions objectively show the 
large differences in picture quality which are 
evident in visual observation. Square wave 
patterns were used in these tests because of the 
nonavailability of sine wave optical patterns. 

Objective Image E"aluation Instrulllentation 

The basic instrumentation required for objec
tive evaluation of image tubes is shown in figure 
4-9. This setup could be used to evaluate the 
static and dynamic sine wave contrast response 
as a function of photocathode illumination and 
image movement. It provide .. for direct measure
ment through playback from magnetic tape record
ing into d.c., r.m.s., and wave analyzer meters. 
In addition, the instrumentation would provide 
for objeetive measurement.; of optical image dis
tortion by allowing conversion of the linear 
dimensions of photocathode images into countable 
pulses. It is expected that this type of image 
evaluation facility will be assembled at USAERDL 
during the next few months. 
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FIGURE 4-8.-Pictorial comparison of various image qua~ity measures. 
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FIGURE 4-9.-0bjective image evaluation instrumentation. 

Summary 

In summary then, the sine wave contrast re
sponse function seems to be the best overall objec
tive measure of image quality. It is to be noted 

that the measure oversimplifies the effect of 
fluctuation noise on image quality. Certainly, 
extensive tests are required to fully demonstrate 
the advantages and limitations of this image 
eva~uation concept for various types of imagery. 

Discussion 

G. A. :MORTON: How do you take into account the arbitrary background level setting in determining 
the "sine wave contrast response" of an intensifier orthicon? 

J. JOHNSON: I agree that scantype electron beam pickup tubes do present a problem in image 
evaluation since they permit a limited degree of contrast enhancement. However, even for this type of 
pickup tube, a maximizing of the optical signal to background ratio (contrast) over a band of optical 
frequencies would seem to be the best overall figure of merit. 

W. F. NIKLAS: Has the concept of contrast detail reproducibility, as known in radiology, bcen 
considered for image converters? 

J. JOHNSON: The problem with the contrast detail reproducibility concept is that it does not allow 
synthesis of the performance of a number of imaging stages in cascade from the properties of the indi
vidual stages. This requires sine wave analysis techniques. 

N. S. KAPANY: It is very refreshing to see the concept of "spatial frequency response" come in the 
evaluation of image intensifiers. However, it would seem to me that the problem is extremely complex. 
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Before we can assess the information transfer characteristics of a multistage Image intensifier, the 
interaction of the following complex variables must be evaluated: 

u. Electron optical aberrations. 
b. Phosphor point spread function. 
c. Coupling element performance-when a multistage unit is being considered. 
d. Spectral and angular distribution of input and output energy. 
e. The film characteristics. 
f. Properties of lens systems employed. 
g. Psychophysiological effects-scotopic and photopic vision, state of adaptation, etc. 

26 



5. ELECTRON BOMBARDMENT INDUCED CONDUCTIVITY 
INCLUDING ITS APPLICATION TO ULTRAVIOLET IMAGING IN THE 

SCHUMAN REGION 

R. J. SCHl'iEEBERGER, G. SKORINKO, D. D. DOUGHTY, and W. A. FIEBEL~IAN, Research Laboratories, 
Westinghouse Electric Corp. 

Phenomenon of Bombardment Induced 
Conductivity 

Bombardment-induced conductivity effects 
have been observed and measured by a number of 
investigators.1

-
4 Work at our laboratories in this 

field was started in 1952 and consisted of measure
ments on a variety of dielectric materials, each 
of which was fabricated into a target consisting 
of the material under study sandwiched between 
two electrodes. The targets were placed in a 
demountable vacnum system where they could be 
bombarded throngh the thin aluminum electrode 
by a controlled source of electron" of voltage 
Vo from a flooding gun. In the absence of bom
barding electrons, the current I through the di
electric due to the polarizing voltage V is negli
gible. When bombarding electrons of current 10 
penetrate the material, an appreciable fraction of 
the large number of low energy carrier;; produced 
throughout the bulk of the material move under 
the influence of the applied field and result in a 
current I which, in some materials, can be order:; 
of magnitude greater than 10, The ratio 1/10 
is defined as the gain of the target and is a measure 
of the bombardment induced conductivity. 

Applications to Image Intensification 

In the well·known vidicon, conductivity in the 
dielectric (photoconductor) is produced by the 
interaction of photons with the material. Reding
ton 5 and Rose 6 have shown that quantum yields 
(conduction electron;; per photon) for materials 
suitable for photoconductive camera tubes with 
space charge limited dark currents cannot exceed 
unity with present television standards and accept
able response times. "While quantum yields 
apFroaching unity have been attained in vidicons, 
the yields generally obtained in practice are about 

636674 0-62--3 

0.2. Since the ultimate sensitivity of this tube 
already has been approached, there is little in
centive for further work in this direction. Induced 
conductivity effects in dielectricR, produced by 
bombarding electrons (Ebicon principle) rather 
than by photons (vidicon principle), suggest 
schemes whereby the practical sensitivity can be 
increased by several orders of magnitude. 

Raine et aJ.7 have described an image inten
sifier for the electron microscope which uses the 
principle of electron bombardment induced' con
ductivity in a thin film of selenium. Decker and 
Schneeberger 8 9 have reported on a television 
pickup tube based on this same principle which 
has a sensitivity approaching that of the image 
orthicon. This pickup tube, known as the Ebicon, 
is simple and rugged and requires a minimum 
amount of associated circuitry for its operation. 
It consists of an electron imaging section coupled 
to a vidicon-like scanning section by an Ebic 
target which, in addition to permitting integration 
and storage between scans, provides an essentially 
noiseless preamplification of the signal before it 
is fed to the video amplifier. Amplification occurs 
from the fact that bombarding electrons from the 
photoemissive cathode of the electron imaging 
section induce conductivity in the target material. 

Figure 5-1 is a schematic of an Ebicon. The 
target consists of a dielectric layer deposited on 
a thin film of aluminum on aluminum oxide which 
serves the purpose of a support and a signal 
electrode. In operation, the scanning gun elec
trons, landing at energies below the first crossover 
of the dielectric, charge the surface to cathode or 
ground potential. The positive potential applied 
to the signal electrode provides the polarizing 
voltage. After the scanning beam charges each 
element of the insulator surface, no current flows 
from the signal electrode. When a light image is 
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FIGURE 5-1,-Schematic of Ebicon-Uvicon tube. 

focused onto the photoemissive cathode, the emit
ted electrons are accelerated and focused onto the 
target by the electrostatic image section. Here 
they induce conductivity in the dielectric which 
causes each element of the scanned surface to 
act as a leaky capacitor and change from ground 
potential to some positive potential during one 
frame time. This change in potential is a function 
of the intenl'ity of bombardment and thus of the 
intensity of light falling on the photocathode. 
Each element will he charged hack to cathode 
potential when touched by the beam. This 
charging current, which i;.; equal to the bombarding 
current multiplied by the gain of the target, flows 
through a resistor from which the video signal i" 
derived. 

Experimental tubes ha ve he en built with useful 
target gains of more than 500. If one compares 
an Ehicon with a vidicon on the assumption that 
the quantum yield of the photosensitive surfaces 
are equal in both tube,;, the Ebicon will be the 
more sensitive by the gain factor of it,; target. 
A higher signal-to-noise ratio will exist in the low 
lights than with a return-beam amplification tube 
like the image orthicon where beam noise in
creases with a decrease in signal. By not re
quiring a return beam multiplier, the Ebicon is 
relatively simple in structure, requires less 
circuitry than tubes with multipliers, and lends 
itself very well to an electrostatically deflected 
and focused scanning section. Theile 10 has sbown 
that under optimum scanning rates and with a 
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properly designed peaked amplifier, the signal-to
noise ratio obtained with th~ multiplier -type of 
signal derivation is approached by the simpler 
method without multiplier for total target charges 
of the order of some 10-7 coulomhs. Charges of 
this magnitude are characteristic of Ebicon 
targets. 

lJltraviolet Imaging in the Schuman Region 

A group of ultraviolet sensitive Ehicons 
(referred to in this section as L'vicons) has been 
developed for use in rocket and satellite experi
ments to map the sky with broad-band television 
photometers in 3 spectral regions hetween 1,050 
and 3,000 1, and with a slidess spectroscope 
sensitive between ] ,050 and 2,000 1.11 This 
work is known as Project Celescope and has been 
organized under the Smithsonian Institution 
Astrophysical Ohservatory to initiate, design, and 
operate the Observatory's program of observa
tional astrophysics from space. It is presently 
operating as part of the National Aeronautics 
and Space Administration's Orbiting Astronomical 
Observatories (OAO) program. . 

Three hasic spectral typell of r vicons are being 
developed with long wavelength cutoffs at 1,500, 
2,000, and 3,000 1. The photoelectric thresholds 
of BaF2, C,I, and Cs2Te photosurfaces (fig. 5-2) 
are used to achieve these characteristics. A LiF 
window with a short wavelength cutoff at 1,050 
1 is used on all types. All types are identical 
both electrically and mechanically. Short wave-
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FIGURE 5-2.-Photoelectric threshold of a variety of 
ultraviolet photosurfaces. 

length cutoffs above 1,050 A can be obtained by 
the use of suitable optical filters placed in front of 
the tubes. Transmission properties of various 
optical materials in the wavelength region of 
interest are shown in figure 5-3. 
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FIGURE 5-3.-Transmission properties of ultraviolet filter 
materials. 

Prototypes have been ruggedized to survive a 
rocket launch environment. Operable tubes have 
been built with electrostatically focused and 
deflected scanning sections employing targets 
which can be slow scanned. The schematic 
shown in figure 5-1 is the prototype Uvicon 
design. The LiF window is ground so that the 
back surface has the curvature necessary for the 
object plane of the electron imaging section. 
The front surface has a curvature such that a 
sharp UV image is formed on the curved back 
surface of this LiF lens by an optical system con
sisting of a concave mirror and this lens. Figure 
5-4 is a photograph of one of the U vicon8 built 
to date. 

FIGURE 5--4.-Photograph of Lvicon tube. 

Photosurfaces 

Ultraviolet-sensitive photosurfaces using the 
previomly mentioned materials and reported on 
in the literature 12 13 have been of the type where 
the photoelectrons emerge from the same side that 
the radiation is incident. Since these photo
electric materials are highly insulating, the trans
mission-type photosurfaces required for ·C vicon 
tubes posed the problem of obtaining a substrate 
which is both ultraviolet transmitting and 
electrically conducting. A 100 A thick film of 
either palladium,I4 or nickel, evaporated on the 
back surface of the LiF window, was chosen 
because of their ultraviolet transmission properties 
(fig. 5-5) and its resistance to attack from the 
AgCl15 used to seal the window. This layer 
maintains the fixed potential of the photoemitting 
surface necessary for imaging the emitted electrons 
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FIGlTRE 5-5.-l:ltraviolet tranRmission properties of some 
thin metal films. 
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The semitransparent metallic layers are pre
pared by evaporating all of a measured amount of 
either nickel or palladium from a 0.040-inch 
tungsten-stranded filament. A T~iF test blank 
fastened on the underside of the plate which sup
ports the LiF window is used to check the elec
trical conductivity of the deposited layer. A 
film having a resistance of approximately 1,100 
ohms between two probes. placed 1 centimeter 
apart, is suitable for use in the Uvicon tube. The 
thickpess of these films was measured with an in
terferometer of the type described by Tolansky.16 
Our experience has shown that films of this thick
ness are necessary to maintain electrical continuity 
ofthe film through a 12-hour 350°C bakeout of the 
tube. Palladium is somewhat more transparent 
to the short-wavelength ultraviolet radiation than 
is nickel; however. palladium reacts with the tel
lurium used in the preparation of a CS2 Te photo
surface, hence it cannot be used as a subsurface 
for the Cs2Te photosurface. 

The Cs2Te photosurface cannot be exposed to 
air and must therefore be prepared after the tube 
has been evacuated. The nickel substrate is 
evaporated on the window prior to assembly of 
the tube. Retractable filaments for the evapora
tion of a tellurium layer and the subsequent in
troduction of cesium vapor are manipulated into 
position through the tube pumpout stem by a 
small magnet. While the cesium and tellurium 
are reacting. the photosurface is continuously 
irradiated with energy from a mercury lamp and 
the photocurrent is measured. A series of filters 
transmissive in the UV are inserted between the 
lamp and the photosurface. By this procedure 
the formation of the photosurface is continuously 
monitored, and cesiation is stopped at the proper 
time. Our experience has been consistent with 
that of Taft in that overcesiation increased the 
long-wavelength response of the tube. 

The CsI and BaF2 photosurfaces are obtained 
by completely evaporating a measured amount of 
either material from a molybdenum boat. These 
surfaces may be exposed to air after their forma
tion. Photosurfaces approximately 400 A thick 
provide the maximum yield in the spectral region 
of interest. The thickness of these layers was 
again measured by the Tolansky interferometer 
technique. 

Targets 

The dielectric material used for the target is 
AS2S3• The properties of this material, particu-
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larly the time constant, depend upon its purity 
and the conditions of evaporation. Before in
stallation in sealed-off tubes, each target is pre
tested in a demountable vacuum system. The 
scanning section consists of a standard magnetic
type vidicon gun. Instead of a photosurface for 
the source of electrons in the imaging section, a 
flooding electron gun with a tungsten filament 
is used. A series of parallel bars in the path of 
the flooding electrons cast a bar shadow pattern 
on the target. By deflecting the flooding elec
trons with a magnet, the apparent source of elec
trons can be moved, and thus it is possible to 
move the shadow pattern across the target. The 
moving pattern offers a convenient qualitative 
method of observing time constant effects 

A quantitative determination of the time con
stant of an AS~3 target has been obtained by 
feeding the video signal to an A-scope. The 
trace obtained is shown in figure 5-6. The time 
for the signal to rise to (l-l/e) of its final value 
varies from 0.1 sec to 0.2 sec, depending upon the 
target and its operating conditions. The time for 
the signal to decay l/eth of its initial value varies 
from 0.2 to 0.03 sec. 

FIGURE 5-6.-Time constant of typical AszSs target-each 
large reticule division on the horizontal scale is 0.1 
second-each vertical trace is a )~.second field. 



General Characteristics of the Uvicon 

A resolution of 500 television lines has been 
measured across the useful diameter of a Uvicon 
tube. This corresponds to 8.3 line pairs/mm at 
the photocathode surface. Figure 5-7 is a photo
graph taken from a monitor of a test pattern 
televised by a Uvicon. 

FIGURE 5-7.-Test pattern televised by a Uvicon tube. 

Shown in figure 5-8 are target gain measure
ments obtained from a typical tube while it was 
transmlttmg an image. Since the higher gain" 
are associated with the lower bombarding densi
ties, gammas of less than unity are characteristic 
of this particular material as shown in figure 5-9. 

A photocurrent (independent of the energy of 
the exciting photons) of 4X 10- 13 amps/cm2 from 
the photocathode generates a signal equal to the 
noise when a 5 me/sec bandwidth, 60 interlaced 
frames/sec industrial-type vidicon camera is used 
to operate the scanning section. For photons of 
X= 1,600 A, using our determination of 5 percent 

quantum yield, this is a threshold signal of about 
10-10 watts/cm2

• 

'Ve have made an estimate of the quantum 
yield of the tube at the peak of its response 
curve. A thermopile has been calibrated against 
a tungsten lamp. The thermopile was then used 
to measure the Zn 2140 A, Cd 2289 A, and IIg 
2537 A lines. These sources were then used to 
calibrate a photomultiplier equipped with a 
uranium-saIt-impregnated window. This photo
multiplier was then used to measure the output 
at the three points stated above of a Seya
Namioka-type monochrometer equipped with a 
hydrogen discharge lamp. The relative output 
of the monochrometer (fig. 5-10) was determined 
by use of a photomultiplier sensitized to the 
extreme ultraviolet by a coating of sodil,lm 
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FIGURE 5-9.-Transfer characteristics measured on a typ
ical Uvicon with .4.s25 3 target. 
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FIGVRE 5-11.-Trace of the hydrogen spectrum obtained 
with a Cs2Te phot08urface. 
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salicylate. Johnson et alY have reporte!l that 
this fluorescent material has a quantum efficiency 
approximately independent of wavelength over 
the range 900 to 2,300.A. We helieve that 5 
percent of the photons incident on the LiF window 
of the tube are eflective in providing a signal at 
1,600 A in a C~I-type tube. 

FIGURE 5-13.-Spectral response curves of the CsT and 
Cs2Te photosurfaces derived from the data exhibited 
in figures 10, 11, and 12. 

The spectral response of the tube has heen 
Jetermined with the aid of a JarelI-Ash, Sera
N amioka vacuum scanning monochrometer 
equipped with a windowless hydrogen di8eharge 
lamp. IS The photocurrent measured when the 
Uvicon with C8Te (fig. 5-11) or CsI (fig. 5-12) 
photosurface was irradiated with the ultraviolet 
energy obtained from the monochrometer was 
compared with the current measured with the 
sensitized photomultiplier as a detector. The 

spectral response of the CsI and CsTe is shown 
in figure 5-13. 

Discussion 

A. B. DoTY: Does the Ebicon have resolution and SKK comparable to vidicon when used in typical 
television application? Have you any knowledge of planned availability of these tubes? 

G. SKORINKO: Resolution will be very slightly degraded especially at the edges due to the electron 
imaging section. 

B. R. LINDEN: ~T as there a reaction between the target and photocathode? Can the tube be baked 
at a high temperature? Was there any ion feedback problem in the image section? 

G. SKORINKO: None yet observable; however, there is a shield between the target and photocathode 
for those photosurfaces prepared in the tube. The target limits the bakeout temperature to 1000 C. 
We use a prebake procedure. Ion feedback is not a problem. 

W. F. NIKLAS: What limits the resolution in the Ebicon-the imaging section, the target, or the 
electron beam? 

G. SKORINKO: Probably the imaging section. 
N. S. KAPANY: You showed us the image of a resolution chart, but did not give the figures. Could 

you tell us what the resolution of the tube is? 
G. SKORINKO: At least 16 lines/mm at the center. 
R. AIKENS: What possibility is there of obtaining Ebieon with a S-20 or S-10 photosurface? Where 

are they available? 
G. SKORINKO: Ebicon tubes with these photosurfaces should be available in the first or second 

quarter of 1962. Contact R. E. Rees at the ~Testinghouse Electronic Tube Divi8ion, Elmira, N.Y. 
I. LEVIN: Can you say that those dielectrics which are suitable for your tubes arc good secondary

electron emitters? 
G. SKORINKO: We have not investigated the secondary emission properties of these dielectrics. 
D. A. CUSANO: How does the life of this EllIC, As2Sa target, since the target here is under volume 

bombardment, compare to the life of animage orthicon target? Could you give a value? 
G. SKORINKO: No; only that we have had tubes with As 2Sa targets for approximately I year with 

intermittent usage, with no observable deterioration. 
J. ROESLER: Did you have any other conductive layers beneath the photosurface such as oxirles for 

example? 
G. SKORINKO: No. 
E. LEVINTHAL: What was UV transmission of nickel substrate? 
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G. SKORINKO: Approximately 30 percent at 1,600 A. 
G. G. BARTON, JR.: What is the integration capabilities of this tube and is integration linear? 
G. SKORINKO: Integration has been observed to be linear; we have achieved very good integration 

up to 30 sec. 
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6. RCA DEVELOPMENTAL CASCADE IMAGE CONVERTER TUBES* 

R. G. STOUDENHEIMER, Electron Tube Division, Radio Corp. oj America 

Introduction 

Cascaded image converter tuhes are one of the 
simplest forms of image intensifiers In these 
tubes, photons having a few electron-volts of 
energy transfer their energy to photoelectrons 
which are then accelerated by an electric field to 
attain an energy of 10,000 or more electron-volts. 
The electron energy is transferred to a phosphor 
screen, and then into light, with a net gain of 30 
to 100 in radiant energy. Any number of stages 
may be cascaded by means of proper optical 
coupling to provide an intensified image. 

The wide variety of experimental and scientific 
applications has made necessary the development 
of numerous types of cascaded image tubes 
differing in size and method of electron focusing. 
Electrostatically focused cascaded image tubes 
have been reported previously. Three-stage tubes 
have been made with radiant flux gains as high 
as 105• Recently magnetically focused cascaded 
image tubes have also been made in an effort to 
improve edge resolution, reduce distortion, and 
also reduce the physical size. 

General Description of Cascaded Image 
Tubes 

All RCA developmental cascaded image tubes 
are constructed with modular stages which can 
be welded together to make one, two, three or 
four stages, as desired. The outside diameter of 
electrostatic types is 4 inches; of magnetic types, 
3}~ inches or 7 inches. All cascaded image tubes 
have essentially unity magnification so that the 
size of the output image is nearly the same as 
the size of the input image. However, on special 
request cascaded tubes have been made with a 
magnification of less than/I. 

The electrostatic cascaded image 
by RCA are shown in figure 6-1. 

tubes made 
The largest 

tube at the top is a three-stage tube, the middle 
tube is a two-stage tube, and the bottom tube is 
a smaller two-stage tube approximately 2 inches 
in diameter. The smaller two-stage tube is an 
early experimental version and is now obsolete. 

The magnetically focused tubes are shown in 
figure 6-2. The tube at the left is a two-stage 
tube using a 3%-inch cathode; the middle tube 
is a three-stage tube using a l%-inch cathode. 
A two-stage version of this smaller tube is also 
being made for special experimental uses. At 
the right is shown a three-stage tube using a 3% 

inch cathode. 
The magnetically focused tubes must be 

operated within a uniform axial magnetic field. 
This field can be provided by a solenoid or a 
permanent magnet. A permanent magnet was 
designed for the small three-stage tube. This 
magnet, shown in figure 6-3, is made of Alnico V 

.... -~---~ 

FIGURE 6-I.-Electr08taticany focused cascaded 
image tubes developed by RCA. 

*The work described in this paper was sponsored by U.S. Army Engineer Research and Development Laboratories, 
Air Force Aeronautical Systems Division, the Atomic Energy Commission, and the Carnegie Institution of Washington. 
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FIGURE 6-2.-Magnetically focused cascaded image tubes 
developed by RCA. 

and is de;;igned to provide the required magnetic 
field with a minimum size and weight of magnetic 
material. The axial magnetic field provided by 
this magnet is shown in figure 6--1. 
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FIGURE 6-3.-Permanent magnet and associated 
three.stage cascaded image tube. 

In some of the magnetically focused tube,.;, it 
was found desirable to pot a vohage-divider 
network around the tube. The voltage divider 
at the tube reduces greatly the number of leads 
which must be brought outside the magnet. A 
tube placed inside a close-fitting permanent 
magnet requires insulation and shock mounting 
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Flr.URE 6-4.-Axial magnetic field of focusing magnet. 
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FIGURE 6-5.-Convcrsion gain characteristics of a number 
of thrce-stage electrostatically focuscd image tubes. 

which is ideally supplied by a resilient plastic 
such as Silastic. 

Performance of Cascaded Image Tubes 

The performance of cascaded image tubes can 
be illustrated by reference to the three-stage 
electrostatically focused tube. The relatively 
large number of manufactured tubes has pennitted 
the compilation of statistical data illustrating 
the spread in conversion gain of three-stage tubes 
(see figure 6-5). 

Gain in this tube is nearly independent of the 
illumination level except at very low light levels, 
where the photocurrent density becomes very 
small (about 3XIO-1I amp/cm2

). At a current 
density of less than 3 X 10-13 amp/cm2

, the gain 
of a first stage using PII or P20 phosphor is again 
independent of illumination level, but is only 
about one-half the gain at high current densities. 
At the very low illumination levels where minimum 
conversion gain is observed, the current density 
is so low that the scintillations of individual 

electrons are obseryed. The lower gain 18 

probably associated with deereai'ed screen effi
ciency as the scref'n ex<'itation changes from a 
steady state to pulsed (individual-electron) excita
tion of elemental screen areas. The gain of the 
second and third stages is also rednceel at low 
current densities, but in some cases not as much 
as the gain of the first stage. 

The screen background at voltages below 10 
kilovolts per stage is u>"ually due only to amplified 
thermionic emission from the finst photocathode. 
The background can be increased ten to a hundred 
times by a trace of field emission, or by secondary 
emission from the cathode resulting from positive 
ion bombardment. As the voltage acro,,;; the 
first stage of a low-background tube is inc-reased, 
the screen background changes from only the 
individual thermionic electron scintillations to 
additional brighter random l'icintillations caused 
by bundles of electrons released simultaneously 
from a point on the cathode. At higher voltages, 
these bright scintillations increase in number and 
their density pulsates. At still higher voltages, 
a Fulsating di~('harge appears in which indh;idual 
scintillations cannot be observed. Some three
stage tubes have operated effectively in certain 
applications at voltages as high as 20 kilovolts 
per stage. However, in all tubes operated at 
this voltage, multiple electron scintillations are 
numerous; the majority of tube,; have suc-h a 
high background that individual electron scintilla
tions are difficult or impossible to rec-ognize. 

Visual resolution of the electrostatically focused 
cascaded image tube is about 17 to 20 line-pairs 
per millimeter at the center of the photocathode, 
and about 8 to 10 line-pairs per millimeter at the 
edge. Resolution at the center of the electro
static tube ant] all magnetic tubes is limited by 
the screen and the separator between cathode and 
screen. At the edge, resolution is limited at 
least partially by the electron optical resolution. 

Pincushion distortion is usually present in 
electrostatically focused tubes, and becomes 
especially severe when tubes are cascaded. To 
minimize the magnitude of the pincushion distor
tion, a 4-inch envelope diameter i" used, but only 
a l-inch central area of the cathode and "ereen is 
used for imaging purposes. 

Although the large three-stage electro"tatically 
focused image intensifier has been very useful to 
demonstrate the feasibility of cascaded image 
tubes as image intensifiers, it" large size and "mall 
cathode diameter make it undesirable for many 
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FIGURE 6-6.-Image quality of three·stage magnetically 
focused image tube. 

applications. Magnetically focused tubes were 
developed to increase the useful area of the image 
amI to reduce overall len,gth. I.arge magnetically 
focused tubes operating at 20 kilovolts per stage 
have provided conversion gains as high as 75 per 
stage. SmaJIer magnetically focused tubes op
erating at about 14 kilovolts per stage provide 
gains of 30 to 10 per stage. 

The resolution of magnetically focused tubes 
is about the same as the center resolution of 
electrostatically focused tubes, and has the ad
vantage of being much more uniform over the 
entire cathode. Resolution of two-stage tubes 
has been measured as high as 25 line-pairs per 
millimeter. 

Magnetically focused tubes are generally af
flicted with a type of distortion known as "S" or 
spiral distortion. Although the distortion can 
hardly be detected in a single-stage tube, it is 
observable in three-stage tubes, especially if long 
straight lines exist in the image (see fig. 6-6). 

To reduce axial spiral distortion to a minimum, 
it is necessary that both the magnetic and 
electrical fields be axial and have the lowest 
possible radial components. A uniform magnetic 
field can be disturbed by magnetic tube parts: 
The uniform electric field should be formed by 
either essentially parallel closely spaced cathode 
and screen, or by a multiple number of accelerat
ing annular electrodes. RCA tubes use a multiple 
number of ring electrodes for the following 
reasons: 
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1. The wider spacing of cathode and 
screen permits higher tube operating voltages 
and higher conversion gain. 

FIGURE 6--7.-Electron scintillation" in three·stage 
electrostatically focused image tube. 

2. Along the bulb wall, conductive elec
trodes are necessary to shield the electrons 
from disturbing bulb-wall charges. The 
voltage difference between adjacent electrodes 
can be lower with many electrodes than with 
only two. As a result, field emISSIon is 
easier to eliminate with many accelerating 
electrodes. 

Electron scintillations can be seen in any of the 
three-stage tubes. However, two 3-stagc tubes 
must be coupled with a lens in order to photograph 
the electron scintillations. Figure 6-7 shows the 
electron scintillations photographed when a faint 
illumination pattern in the form of an A was 
projected on the first cathode. 

Other DeveIopIllents 

All applications of image intensifiers are not 
satisfied by the tube developments just described. 
In particular, image intensifiers for nuclear track 
imaging require a first stage with a large photo
cathode for direct coupling to a large fiber 
scintillation chamber. A special two-stage image 
intensifier is in development for this application. 
The intensifier consists of a demagnifying elec
trostatically focused first stage having a cathode 
diameter of 8 inches and a PIS phosphor for 
microsecond image storage. The second stage is 
an electrostatically focused shutter tube with 
unity magnification. The first stage has already 
been developed and the second stage is in the 
early stages of development. 

The first stage is shown in figure 6-8. The 
cathode faceplate has a thickness of only I milli-



FIGURE 6-8.-First stage of a large-window cascaded 
image tube for nuclear track imaging. 

meter to permit coupling to the fiber scintillation 
chamber by direct contact. With a PIS phosphor, 
the first stage operating at a voltage of 20 kilo
volts has a gain of IS to 30. Resolution is about 
3 line-pairs per millimeter over the entire 8-inch 
cathode, and pincushion distortion is about 6 
percent. Several of these first-stage tubes have 
been made as a single unit and are now in use by 
at least two workers using the luminescent 
chamber to study high-energy nuclear particles. 

The large size of the first stage makes it espe
cially sensitive to stray magnetic fields. The 
earth's magnetic field is strong enough to introduce 
observable astigmatism. 

In nuclear track imaging a delay of about 10-6 

to 10-7 second is needed after the occurrence of 
a nuclear track, to identify the type of track 
and to gate the following stage to permit the 
track to be intensified and recorded. This delay 
has been accomplished so far b~ storing the track 
on a phosphor with a persistence of a few micro
seconds. Although the phosphor storage is 
needed, it also has the objectionable character
istics of storing and releasing some energy for 
periods of time longer than a few microseconds. 
The long-delayed emission of light reduces time 
resolution and causes tracks to persist as undesired 
noise. 

This noise could be greatly reduced if the 
required delay necessary for track identification 
and gating could he obtained by using a long 
electron transit time. Transit time was cal
culated for the nuclear track intensifier by plotting 
reciprocal velocity as a function of axial distance 
and making a graphical integration of the area 
under the curve (see fig. 6-9). The transit time 

T is calculated from the equation T=! dx, where 
v 

v is electron velocity and x is axial distance from 
cathode. By graphical integration, T=2.3 X 10-8 

second. This transit time must be increased by 
at least five times before it can be used for image 
storage in a nuclear track imaging system. 
However, studies are in progress on a means of 
obtaining a longer transit time. 

Other workers desirous of photographing faint 
phenomena are interested in using fiber optics 
to couple the output stage to the photographic 
film. Experiments are progressing with the use 
of fiber optics ranging in diameter from 1 inch 
to 3% inches. Initial tests with fiber optics 
having a numerical aperture of 0.8 to 0.9 have 
shown a need for an opaque cladding around the 
low index jacket to absorb scattered light which 
is not piped. The effect of the opaque cladding 
is i1lustrated in figure 6-10 which contains two 
photographs exposed by contact of the film against 
the fiber optics output window of an image tube. 
The fiber optics in each case had a numerical 
aperture of about 0.8S. However, the fiber optics 

o 
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FIGURE 6-9.-Axial potential and reciprocal velocity of 
large-window image tube. 
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FIGURE 6-10.-Contact picture from fiber optics image tube. 

in (a) had an outer opaque jacket, while in (b) 
the opaque cladding was omitted. 
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Discussion 

A. B. DOTY: Has any thought been given to using a low gain stage with a vidicon, say RCA 1.% inch? 
R. G. STO{;DENHEIMER: Yes, the camera tube ·development group has made both image orthicons 

and vidicons with fiber optic inpu' windows. These tube;; have been coupled to an image tube intensifier 
stage with a fiber optic output window. Improvements were seen necessary in some of the early-tubes 
to realize a useful system. These improvement;; are now being pursued. 

F. REPLOGlE, Jr.: "When you speak of ultimate image resolution, to what contrast do you refer? 
R. G. STOUDE:-i'HEIMER: The resolution of image converter tubes is usually stated in terms of the 

limiting resolution where the contrast is 3 percent or 4 percent. 
J. F. ROEsT,ER: Did I understand correctly that you used I-mil-thick glass to withstand I atmos

phere? If so, was it reinforced? Was there any special handling of structural design? How did you 
know exactly when I mil of glass was left? 

R. G. STOUDE:'IHEIMER: The thickness of the glass in the image tube with the 8-inch cathode is 
0.030 to 0.040 inch. Strength to withstand atmospheric pressure is obtained from its radius 01 curvature 
(II inches), comhined with a thick rim of glass (0.090 inch) at the edge. The center thin section is ob
tained by etching from the original 0.090-inch thickness, and thickness is controlled by measuring the 
ultraviolet transmi;;sion at about 3,100 A. 
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J. I.EMPERT: Please comment on relative resolution of electrostatic versus magnetic image sections. 
R. G. STOUDENHEIMER: At present the same center resolution appears to be present in both magnetic 



-------------------

and electrostatic stages. This common resolution limit must certainly be the rel>olution capability of 
the phosphor screen which i~ identical in both type~. Ordinarily, resolution of the screen is about 50 to 
60 line-pairs per millimeter, but may be more or less in special cases. Evaporated screens of willemite 
have provided a resolution of over 100 line-pairs per millimeter in small electrostatic stages. The electron 
image of magnetic types has not yet been studied with such high resolution screens. However, theory 
predicts approximately equal resolution for the two types under conditions of unity magnification and 
equal electric field at the cathode. Voltage ripple or magnetic field variations are factors which can 
degrade resolution in magnetic stages, but are not resolution degrading factors in electrostatic tubes. 
High edge resolution is easy to attain in magnetic stages, but very difficulty to attain in electrostatic 
stage~. 

G. T. REYNOLDS: How were the spots on the A-pattern picture identified as single electrons? 
R. G. STOUDENHEUIER: The spots were identified visually by defocusing the first stage. In some 

tubes, both bright and faint scintillations could be observed in the screen background. The bright 
scintillations were demonstrated to arise from bundles of electrons released at the first photocathode 
when they were dcfocused by adjusting the fir"t grid voltage away from the value of optimum focus. As 
the scintillations were defocused, the defocused spot broke up into a number of electrons in the original 
bright scintillation. In the A-pattern illustrated, all scintillations were of the faint type and the appear
ance of the scintillations was essentially unchanged by defocusing the first "tage. Although single elec
trons could be observed visually from a three-stage tube, only the bright or multiple electron scintillation 
were hright enough to he photographed. The A-pattern was photographed by intensifying the image 
further with a second three-stage tube, coupled to the first, with a high-speed lens. The relatively large 
size of the electron scintillations is due to the poor quality of the coupling lens. 

J. A. HALL: Why was halo on the slide showing fiber optics patterns apparently less in the upper 
left corner? (fig. 6-10(b)). 

R. G. STOlJDENHEIMER: In the slide the halo in the upper left corner was much less than is seen in 
paper prints of the same negative. The reason is partly because the slide was made on a high-cont rast 
emulsion which made an area of low brightness appear black. However, halo is also greater around 
large bright areas than around small bright areas. The area of both the numbers and the lines is grea ter 
in the lower left corner than in the upper right corner, making halo somewhat brighter in the lower left 
portion. 

H. SHABA:-!OWITZ: For both the electrostatic and electromagnetic focused tubes, the ratio of overall 
tube diameter to photocathode diameter was in the order of 2. What it.; the variation in resolution from 
center to edge of the tube? Is variation less for the electromagnetic as compared to electrostatic tube? 

R. G. STOUDENHEBfER: All the tubes are experimental and changes are continually being made to 
improve the edge resolution. The three-stage electrostatic tube, made primarily for nuclear track 
imaging, is 4 inches in diameter and uses a I-inch photocathode. In this tube, center resolution is about 
18 line-pairs per millimeter and edge resolution (never optimized) is about 9 line-pairs per millimeter. 
The best unifomiity which can be reported for a 2-inch electrostatic stage with a I-inch cathode is a 
resolution of 64 line-pair!; per millimeter at the center of the screen and 4,t line-pairs per miHimeter at 
the edge. In the three-stage magnetic tube, with a H~-inch cathode, center resolution is about 18 line
pairs per millimeter and edge resolution is about 16 line-pairs per millimeter. 

41 



Page intentionally left blank 



7. THE ISOCON: A LOW NOISE, WIDE SIGNAL RANGE CAMERA 
TUBE* 

A. D. COPE, Astra-Electronics Division, Radio Corp. of America 

Introduction 

Since the development of the image orthicon by 
A. Rose, P. K. Weimer, and H. B. Law,! a variety 
of improvements and modifications affecting the 
image section have been applied for increasing 
the amplitude of the potential generated at the 
target by a particular photon flux. 

The problem of concern in the present discus
sion is the limited fraction of the incident scan
ning beam which is energetically able to reach a 
target element whose potential is less than 1 or 2 
volts po~itive with respect to the cathode reference 
potential. When the output is derived from the 
return beam, the signal modulation represents 
only a fraction of the total current. There is also 
the awkward property that the current maximum 
occurs when the signal is zero. 

An attack upon these scanning limitations by 
P. K. Weimer resulted in the image isocon.2 

More recently the electron optics of this type tube 
was examined further under the W ADD contracts 
reported in WADD TN60-123 and TR60-813. 

Isocon scan offers an alternative to orthicon 
return beam scan. The advantages are high 
signal modulation, high signal-to-noise ratio, the 
capability to handle an exceptionally wide 
dynamic range in a single scene, and a signal 
polarity which gives a minimum output signal for 
minimum photon input. The cost of these 
characteristics is increased electron optical com
plexity. The study being reported here evaluates 
the performance of image isocon tubes which may 
be considered as modified image orthicons. 

Means for Obtaining Isocon Scan 

A camera tube scanning beam is collimated to 
reduce as much as possible those electrons with 
energy components at right angles to the tube 

axis. This beam is accelerated parallel to a 
uniform magnetic field. The individual electrons 
follow helical paths with a diameter which is 
related to the component of kinetic energy at 
right angles to the electric field. 

The orbit time for electrons with a common 
axial kinetic energy is constant so that periodically 
along the direction of the magnetic field, all 
electrons which originated from one point are 
brought to focus. 

The specular reflection of these electrons by 
a retarding field in the target region does not 
disturb this restricted energy distribution. How
ever, a sizable fraction of the electrons which 
strike the target may be elastically scattered. 
Since the scattering is nonspecular, most of the 
scattered electron energies will lie outside the 
restricted energy range of the reflected electrons. 

The fundamental problem in the design and 
operation of isocon optics is to achieve efficient 
collection of the scattered electrons while dis
criminating against the specularly reflected elec
trons of the return beam. This process is com
plicated by a number of disturbing effects, each 
of which must be separately and adequately 
controlled for the achievement of good perform
ance. To the extent that these effects are not 
removed, they may be overcome by increasing 
the transverse energy of the reading beam. 
However, this causes a broadened axial velocity 
distribution which reduces the ability of the 
beam to discharge the target, and can impair the 
modulation and the resolution. 

Figure 7-1 (a) shows the spatial distribution 
permitted when the primary beam has barely 
sufficient energy to land. The scattered electrons 
will lie within the circular area of diameter 
2( d] + d2) while the specularly reflected electrons 
are within the smaller circle of diameter 2d1• 

*This work was performed at the RCA Laboratories and was supported by the U.S. Air Forc~ unde~ contracts Nos. 
AF33(616)-5728 and AF33(616)-6497, monitored by the Electronic Technology'Laboratory, WrIght AIr Development 
Division. 
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Figure 7-I(b) shows the distribution when the 
primary beam lands with finite axial energy. In 
this case some of the axial energy may be con
verted to transverse energy and the perimeter of 
the scattered electron distribution is correspond
ingly larger. 

It should be emphasized that the distribution 
of scattered electrons within the indicated bound
aries of figure 7-1 is not known. The boundaries 
are simply limits imposed by conservation of 
momentum and energy in the scattering process, 
assuming all the energy and momentum is in 
the transverse plane after scattering. In actual 
fact, the distribution may have important struc
ture and much useful information remains unex
plored concerning the scattering properties of 
surfaces. 

Figure 7-2 is a schematic diagram of an isocon 
employing a circular axially centered separation 
aperture. A tube of this design is operable with 
orthicon scan when an axially alined scanning 
beam is used. The separation aperture is suffi
ciently large for both the scanning and the return 
beam to pass unhindered. 

The tube is designed to operate with the beam 
having a specific number of helical loops and 

SEPARATION 
ELECTRODE~ 

PERIMETER OF 
SCATTERED 
ELECTRONS 

focus nodes between the exit aperture of the gun 
and the target. The separation aperture is 
located midway between two nodal points where 
electrons of a common point of origin are most 
widely dispersed according to their transverse 
energlCs. 

Isocon operation is achieved by perturbing the 
magnetic field with the alinement coil to produce 
a fixed transverse velocity component in the 
beam. Steering fields are provided to make the 
return beam ~traddle the edge of the separation 
aperture at a point where the bulk of the scat
tered electrons are closer to the tube axis than 
the reflected electrons. The flexihility to choose 
the point along the aperture edge at which the 
separation is to take place allows one to seek the 
optimum operating condition. 

The fringe of the magnetic deflection field 
must not appreciably overlap the space between 
gun and separation aperture. Also the steering 
and deflection regions should not overlap exten
sively. If these non-time-varying magnetic deflec
tion fields e:xtend into the time-varying magnetic 
deflection fields, the beam will pass through 
different portions of the steering field as it scam. 
the target. As the steering field cannot easily 
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FIGURE 7-1.-Separation of sllecularly reflected beam from scattered electrons. 
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FIGURE 7-2.-Dual operating mode isocon with steering in the plane of a node in beam focus. 

be made uniform over a large cross section of the 
tube, it has proved advantageous to apply 
steering at a nodal point where the deflection is 
small. 

Orthicon adjustment for this tube is no more 
complex than for the regular image orthicon. 
The transition from orthjcon to isocon operation 
takes place without interrupting the output signal, 
making the setup of this type of isocon simpler 
than for other designs. The large opening to the 
electron multiplier is potentially a drawback in 
that spurious currents can find easy access to 
the output electrode. However, by minimizing 
such undesired currents, it has been possible to 
obtain highlight modulation equivalent to any 
reported in isocon operation. 

Performance With IS8con Scan 

To obtain a coordinated set of results for all 
aspects of the tube operation, measurements were 
made with several dual operation isocon tubes 
under various illumination conditions. Measured 
simultaneously were the photocathode current, 
stored target signal, target gain, beam modulation, 
signal-to-noise ratio, and dynamic range. Similar 
data were taken with standard image orthicon 
tubes. 

Signal-to-Noise Ratio 

Shown in figure 7-3 is the signal-to-noise ratio as 
a function of incident photocathode illumination 
for orthicon and isocon scan using a dual mode 
tube with a low target capacitance (O.030-inch 
spacing between target and collector mesh). The 

beam current was retained 
for the highlight condition. 
of the signal modulation 

at the level required 
In addition the value 

( 
Signal current ) 

Total output current 

is given as a function of illumination for each 
scanning mode. Shown in figure 7-4, as a func
tion of illumination, is the secondary emission 
ratio of the target and the steady-state output 
current for each mode of operation. Note that 
appreciable gain from the target is not realized 
until the output signal has dropped by an order 
of magnitude from the value at full charge. 

r::----
BEAM CURRENT SET fOR HI:;HUGH r 
AT KllEE LOW T.\RGET CAPACITt..HS 

(0.030" TARGET·· MESH SPACING I 

• SIGNAL MODULATION 

o SIGNAL -TO - NOISE RATIO 
OkTillCOtl 

SCIIN 

.00'7. 

10'70 

z 
o 
~ 
<r 
...J 
:> 
o 
o 
:; 

_-' .lLLl"L _~I..l---.lLLJll _-..L_l LJ.l I OJ" 
I 10 '00 

ILLUMI"II,\7'Oil IN '7, or HIGIIL'GdT 

FIGURE 7-3.-Signal-to·noise ratio and signal modulation 
as a function of illumination for a dual mode isocon tube. 
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FIGURE 7-4.--Output signal and target secondary emission 
ratio as a function of illumination for a dual mode 
isocon tube. 

Within this range the gamma of the tube is not 
unity, but about 0.5. These two bits of informa
tion concur in indicating that the stored signal 
is being distorted by secondary electrons from 
bright areas falling back on the darker areas of 
the target. 

It is interesting, at a particular illumination, 
to note the relative magnitude of the signal read 
at the target and the output signal for' each 
operating mode. The target signal is smaller 
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a function of illumination for a dual mode isocon. 
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FIGURE 7-<i.-ExperimentaI signal-to-noise performance. 

in the case of isocon scan because the oblique 
beam is not driving the potential as far negative 
as the orthogonal beam. An increased collector 
mesh potentia] would help to overcome this. 
Despite this signal lOBS at the target, the isocon 
output signal is larger. This results from the 
gain achieved in the scattering process, since 
on the average three incident electrons are 
scattered for each electron which is retained at 
the target to neutralize one stored charge. 

In tubes with 5820 target-mesh spacing (0.0025 
inch), the target secondary emission remains high 
almost to the point where the target is at full 
~harge. As shown in figure 7-5, output signal 
as a function of illumination gives a unity gamma. 
Shown also is the signal-to-noise ratio as a 
function of illumination for each type of scan in 
a dual mode tube. 

When the beam current is adjusted for its 
optimum value at each iUumination level, the 
signal-to-noise ratio as a function of illumination 
in a dual mode isocon performs as shown in 
figure 7--6. It is seen that the curves for orthicon 
and isocon scan are essentially parallel. This 
results from the modulation remaining almost 
constant when the beam current is optimum, as 
shown in figure 7-7. At some low value of il
lumination the modulation drops and decreases 
rapidly, with further reduction in illumination . 
The signal-to-noise ratio decreases rapidly in 
this illumination range and the threshold of 
operation is at hand. This occurs at a higher 



DUAL MODE ISOGON WITH 0.0025" TARGET-

~ MESH SPACING 

~ .--
:r 
C> 
::; ... 
o z 
... :J:!IOO 
Wa: 
:> :> 
°u 
... J 

~~ 
"'0 
11:'" 
:> 
<J 

z 
Q 
I-
00: 
..J 
=> 
0 
0 
::::; 
..J 
00: 
Z 
~ 

'" 

10 

I 
.1 

ORTHICON SCAN 

"~J_L.j_l..Llll __ -L-~_lL1.d ._ ~J J~ L 
I 10 100 

ILLUMINATION IN % OF HIGHLIGHT 

FIGURE 7-7.-Signal modulation 8S a function of illumi
nation when beam current is optimum at each point. 

illumination level for orthicon than for isocon 
scan. The signal-to-noise ratio for iaocon scan 
of a particular target charge has consistently 
been at least three times greater than for orthicon 
scan in dual mode tubes. 

The SIN performance of a standard image 
orthicon tube lies hetween that of the two modes 
of operation for lahoratory-constructed dual mode 
tubes. At full target charge, the differences are 
minimum. Signal-to-noise ratios were determined 
experimentally as the peak-to-peak signal divided 
by one-sixth the peak-to-peak noise. 

Dynamic Range 

Curves of signal-to-noise ratio as a function of 
illumination, under the condition that the beam 
current required to discharge the highlight signal 
is employed at all light levels, are given in figures 
7~3, 7-5 and 7-6. The dynamic range of the 
tube is the range of variation in light level which 
lies between the full target charge highlight and 
that low light associated with the minimum 
signal-to-noise ratio which is considered tolerable. 
For isocon scan there is an order of magnitude 
improvement over orthicon scan. 

Aperture Response 

The aperture response for isocon scan with no 
beam deflection effects is somewhat inferior to 
that for orthicon scan. When beam deflection at 
the target is permitted to give a differentiated 
signal along a given direction (in this case along 
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FIGURE 7-8.-Sine-wave aperature response. 

a horizontal line), the isocon response can be 
enhanced (fig. 7-8). 

Sine-wave response for orthicon soan of a 
dual mode tube employing the full target area 
was measured to be equivalent to a standard 
image orthicon type 5820. Operating in a 20-
Mc video channel, a typical Ne value is 250 
lines. In operation near threshold illumination, 
a difference of 50 to 100 TV lines in favor of 
isocon scan can be expected. 

Special Detection Problems 

The effectiveness of the iaocon scanning heam 
in discharging a Bignal was evaluated by illumi
nating with a flash exposure and noting the signal 
amplitude for the first, second, third, etc., scan 
after removal of the light. The oscilloscope traces 
of a selected horizontal scanning line in successive 
frames is shown in figure 7-9. There is seen to be 
little residual signal remaining after the first scan 
either for isocon or orthicon scan over a consid
erable range of light levels. 

The isocon scanning limitations for pulse illumi
nation as cxperienced in scintillation amplifiers 
may thu~ be expected to be similar to thoAe 
encountered with orthicon scan. 

Another application with demands which differ 
from normal scenes is that of astronomical ob
servation. Here the signal consists of bright 
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FIGURE 7-9.-Signal erasure of 8.4-millisecond illumination pulse, 

points in a dark field, Spreading of point charge 
concentrations will destroy the ability to detect 
faint signals in the surrounding region. The low 
noise attendant with the beam level required to 
discharge bright point images is an advantage of 
isocon scan. The familiar dark field background 
of the image orthicon is absent with isocon scan. 

Still another type of readout can be accom
plished with isocon scan which is not possible 
with orthicon scan. Beam bending effects on a 
low velocity scanning beam can be used to ad
vantage. The beam is totally reflected at the 
target and only the beam bending occurring at 
potential steps in the stored signal provide8 dis
placement modulation for separating di8placed 
electrons from reflected electrons. A nondestruc-
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tive scanning of a signal in the form of a differen
tiated di.;play is the result. 

DiiSplacement modulation has al80 been achieved 
by scanning along the recorded track on a mag
netic tape. Beam deflection caused by the vary
ing magnetic field present with normal recording 
levels proved adequate to give a resolvable signal 
from a wavelength on the tape of the order of I 
mil, a dimension which is comparable with the 
beam diameter. 

Summary 

The result of this investigation into the merits 
of the isocon scanning principle are encouraging. 
Selective collection of the scattered electrons to 
form the video signal can be achieved with high 



efficiency, using the tube design!! developed during 
this study. Indications from the analytical ex
amination of the electron optical problem are that 
further improvements in the qua1ity of perform
ance should be achievable with careful matching 
of tube and deflection yoke geometries. 

nals of the same magnitude, isocon scan haR 
shown~ 

The complexity of adjustment for optimum 
operation with isocon scan has been reduced 
and excellent stability of adjustment has been 
observed. 

In comparison with orthicon scan of stored sig-

Discussion 

1. A factor of 2-3 improvement in signal
to-noise ratio over a wide range of light levels 
below the full target charge region. 

2. At least an order of magnitude reduc
tion in the low-light level threshold. 

3. An order of magnitude greater dynamic 
range in a single scene. 

4. Comparable highlight resolution and 
superior low-light resolution. 

R. L. ZASTROW: What is the predominant source of noise which limits sensitivity of the image 
isocon? 

A. D. COPE: The dominant noise of the isocon for threshold signals comes from the shot noise of 
the dark current. At; the target potentials, repres6Ilting the input information, decreases to values 
smaller than 0.1 volt, the ratio of signal current to total output current drops from 0.9 to 0.01 or less. 
This limitation occurs at an order of magnitude lower illumination than it would with orthicon scan. 
The dark current is entirely spurious and represents the departure of the practical from the ideal device. 
In the absence of dark current, the limiting noise would be the amplified photoelectron noise carried by 
the scattered electrons. 

S. READ, Jr.: What are some of the disadvantages of image orthicon? 
A. D. COPE: The major disadvantage of ihe isocon is its electron optical complexity which makes 

initial adjustment of this tube more difficult than other camera tubes. The optimum setup is arrived 
at by qualitative evaluation of the output image. It has been our experience that once the po~entials 
for operation have been established, the performance is quite stable. 

H. J. HANNAM: Were the results described for glass target tubes, and was the target processing 
"normal"? 

A. D. COPE: The tube results described were obtained with conventional glass targets and normal 
tube processing!!. The single exception is that there was no processing of the scanned face of the target 
to reduce scattering. For this reason the orthicon performance of dual mode tubes is somewhat less 
than optimum. Dual mode tubes give, on the average, a factor of 3 greater signal-to-noise ratio for 
isocon operation than is obtained with orthicon operation. Thi~ improvement drops to a value closer 
to 2 when compared with standard image orthicon tubes. 

A. B. DoTY: Would it be possible to trade some of the dynamic range and good SIN ratio for far 
more lines? 

A. D. COPE: Isocon scan is not different from orthicon scan in that the number of lines or the total 
number of resolved elements in the raster is dependent on the effective beam spot diameter. More 
element!! per raster means less signal per element and increased noise resulting from the increased fre
quency band. To preserve the minimum beam spot diameter which gives the best possible signal from 
a small elemental area, one would sacrifice some dynamic range. 
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8. IMAGE INTENSIFIER ORTHICON TUBES 

F. DAVID MARSCHKA, Electron Tube Dil'ision, Radio Corp. of America 

Introduction 

The development of the image intensifier orthi
con represents one of the more fruitful approaches 
to the problem of extending the limit of human 
vision to extremely low-light levels. It is the 
purpose of this paper to describe the development 
of the image intenl"ifier orthicon within the 
Radio Corp. of America. 

An image intenl"ifier orthicon is a television 
camera tube which utilizes elements of the image 
converter and the image orthicon. The primary 
purpose of this combination is to shift or, better 
yet, expand the operating range to lower light 
levels with the least possible degradation in 
performance. 

Historically, the idea of image intensification, 
as it is used in the intensifier orthicon, was evolved 
in the 1930's. However, it was not until the 
mid-1940'1S that electron tube technology had 
progressed to the point where practical image 
intensiiiers could be made. During the 19"10'" 
with the advent of the cesium-antimonide photo
cathode, development work was done on multi
stage image intensifiers at the RCA Laboratories 
with both ERDL and Bureau of Ships ;mpporl. 
In 1951, research in the area of the image intensi
fier orthicon was done at the laboratories under a 
l\avy contract. During the period from 1954 
through 1960, the laboratories continued intensi
fier orthicon research under Air Force contract~. 
Out of this effort, considerable improved one- and 
two-stage intensifier orthicons were built. By 
the end of this period, the techniques of intensifier 
orthieon construction were developed to the 
point where primary photocathode sen;;itivity was 
a veraging ISO microamperes per lumen and the 
inten;;ifier gains of one- and two-stage tuhes were 
as high as 80 and 800, respectively. 

In the latter part of 1957, work commenced in 
the Electron Tube Division at Lam'aster, Pa., 
toward the development of a one-;;tage image 
inten;;ifier orthicon. From that time to the 
pre;;ent, the major portion of intemifier orthicon 

development in the tube division has been 
supported by ERDL. The following deRcribe8 
the Electron Tube Division development programs 
in this field. 

The RCA C73477, C74036, and C74093 

Late in 1957, work was initiated on the develop
ment of the C7:H 77 image intensifier orthicon 
under contraet DA44-009-E~G-3254. Figure 
8-1 is an outline drawing of the C73477. The 
tube design was made up of an electrostatically 
focused tetrode intensifier section; the intensifier 
element, which was comprised of an aluminizetl 
P-11 phosphor (silver-activated zinc sulfide), a 
thin glass substratf', and an S-l1 (cesium anti
monide) photocathode; and tbe image orthicon 
section. The 6torage target of the image orthicon 
section was a special glass having a resistivity of 
the order of 1012 ohm-centimetert;. The primary 
photocathode was of the S-20 (multialkali) type. 

Calculations predicted that a properly processed 
C73477 would be capable of an intensifier current 
gain of up to 90, with a ma"imum limiting resolu· 
tion of 150 TV lines and a I'lignal-to-noise ratio of 
~ (2-megaeycle passband) at 10-7 foot-candles 
first photocathode illumination. This perform
ance was based on the use of a 30-frame 52.5-line 
TV ;;yt;tem. Actual C73477 measured perform. 
ance indicated gains on the order of 20 to 30, with 
a limiting resolution of 75 to 100 TV lineR, and a 
signal-to-noise ratio ofIess than unity at 10-7 foot
('andles first photocathode illumination. With 
continued effort under contract DA44-009-E~G
~501, processing improvements augmented tube 
performance wherehy intensifier gains up to 40 
and 100 TV lines at 5 X 10-8 foot-candle1'i photo
cathode illumination were realized. 

With the independent development of the 
high-gain storage target, it was possihle to carry 
forward the development of the C74036 intensifier 
orthicon. This tube is interchangeable with the' 
C7H77, hut considerahly improved in per
formance, due to the addition of a high-gain 
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FIGURE 8-I.-Cross sectional drawing of C 73,t77 tube 

oxide target and an S-20 second photocathode. 
Figures 8-2, 8-3, and 8-1 show characteristic 
performance of the C74036 with respect to 
resolution, signal output, and signal-to-noise 
ratio as a function of photocathode illumination. 
Intensifier current gains up to 90 ha \'e been 
measured on tubes of this typc. 
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Csing a rather simplified treatment of signal to 
noise in the C74036, it is interesting to note that 
one should vt'r} nearly expect photoelectron 
limited operation. If we assume liJ photoelectrons 
per picture element per scan from the first 
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photocathode and assign a modest intensifier 
gain of 50 and a target gain of 10, the signal is 
500M. The noise at· the target is 500.JM. 
Using a beam modulation of 5 percent, the noise 
due to the scanning beam is "'500 X 20}~f or 
100'" M. The signal-to-noise ratio then is 

It has been shown that the signal-to-noise 
ratio due to the photoelectron emission from the
primary photocathode is just {M; hence, in the 
first analysis, it is evident that the C74036 is 
capable of photoelectron noise limited operation. 

Recognizing the need for improved highlight 
resolution, the C74093 was developed. Figure 
8-5 shows a comparison of this tube with the 
C74036. The C74093 uses a triode image con
verter section rather than the tetrode design of 
the C74036. It was expected that the approxi
mate factor of two improvement in resolution 
of the triode section would carry through in the 
C74093 with some gain in highlight resolution. 
Several tubes of this type ha ve been made wi th 
comparable low light performance to that of the 
C74036, but more tubes will have to be made to 
show any significant gain in highlight resolution. 
Parallel witb the development of the C74036, 
work was being carried on to develop the C74081 
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FIGURE 8-4.-S/N versus iIlumination of C74036. Light 
source: 28700K with Wratten neutral density filters. 
Standard TV rates. Bandwidth: 8 MC. 

FIGURE 8-5.-Photograph of C74093 and C74036. 

FIGURE H.-Photograph of C74081 2-inch image orthicon. 

2-inch image orthicon under contract DA44-009-
Eug-4575. Figure 8-6 is a photograph of the 
C74081. 

The RCA C74060 

The C74060 is an image intensifier isocoil 
designed around the C74036 and using the dual 
mode isocon structure described by Cope in 
(WADD TN60-123 and TR60-843). A feasi
bility study is being carried on with Air Force 
support (AF33(616)-7696) utilizing the C7406O. 
The objective is to determine whether the gains 
in signal-to-noise and dynamic range due to the 
isocon mode of operation will lead to a significant 
improvement in an intensifier isocon design. 
Tests to determine the scatter gain of various 
storage targets are being carried out on the same 
project. 

Experience to date indicates that the isocon 
mode of operation can be achieved with very 
little change from conventional orthicon operating 
procedure. At the same time, the expected 
signal-to-noise improvement and wider dynamic 
range haH been realized in a numher of the tubes. 
Quantitative data pertaining to the scatter 
gain coefficient of various target materials is not 
let available; however, magnesium oxide targets, 
due to their improved secondary emission gain 
and storage properties, seem to show the greatest 
promise. 
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Conclusions 

The programs just discussed have been very 
encouraging to date. The electrostatic intensifier 
orthicofl8, C74036 and C74093. arc pilot production 
items whose low light capabilities are equal to 
or better than any known practical design. 
These tubes very elosely approach photoelectron 
noise limited operation in the range of 10-9 to 
10-7 foot-candles highlight illumination on the 

photocathode. 
The image intensifier orthicon at present can 

be improved in at least four areas; namely, high
light resolution, distortion and edge resolution. 
tube size, and processing technology. Certainly 
highlight resolution could be improved upon by 
further work on the intensifier element. ~Tork 

in the field of thin evaporated phosphors should 
prove highly rewarding in this area. Independent 
effort on ,;torage targets and electron guns promise 
improvpd performance. Problems of cold emis
sion, scintillation noise, antI photocathode uni
formity (to name a few) are capable of solution 
with advances in processing technology. 

Discussion 

J. R. WATERS: Is it pos~ible to modify the C74036 to use a flat glass front window (rather than 
a convex one) to facilitate lens coupling? 

F. D. MARSCHKA: It is certainly possible to use a flat front window in the C74036; however, this 
would comprise tube performanee by causing extreme "pincushion" distortion and loss of resolution 
toward the edges of the picture area. The convex window is u .. ed to partially compensate for these 
distortions which are caused by the curvature of the electrostatic image field. 

F. I~un: lias anyone u;;ed the,;e to look at O.l-microsecond light flashes? Can deflection plates 
be placed in the intensifier section to get time versus di;;tance information? 

F. D. MARSCHKA: To the best of my knowledge, no one has user] an image intensifier orthicon 
to look at O.l-microsccond light fla~hes. Dr. Reynold'~ work at Princeton is probably the most in
formative in this respect. Deflection plates can he placed in the intensifier section. They could be 
used as an additional tool in a number of ways to study short time (Juration phenomena. 
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9. WESTINGHOUSE WX-4826 ASTRACON: A TRANSMISSION 
SECONDARY EMISSION IMAGE INTENSIFIER 

H. RICHARD GROO III, Electronic Tube Ditision, Westinghouse Electric Corp. 

Introduction 

The following paper describes the Westinghouse 
WX-4826, a high gain image intensifier now being 

-produced at the Westinghouse Electronic Tube 
Division in Elmira, N.Y. The WX-4826 is an 
image intensifier using trummission secondary 
electron multiplication (TSEM) to achieve high 
electron gain. The TSEM method of obtaining 
electron gain is in contrast to the cascaded 
phosphor-rhotosurface multiplying elementl'l now 
in use in other image intensifiers. A prototype 
of the present TSEM image intemifier was de
scribed at the Image Intensifier Symposium held 
at Fort Belvoir, Va., in October 1958.1 This 
work was described by Art Anderson and Milton 
'Wachtel of the Westinghouse Research T_abora
tories. The WX -4826 is a continued develop
ment of tha t work by the Westinghouse Research 
Laboratory and the Westinghouse Electronic Tube 
Division. The later work was supported in large 
part by the Engineers Research and Development 
Laboratory at Fort Belvoir, Va.2 

TSEM Principle 

Before descr~ing the tube, a brief history of 
the TSE principle would be in order. It was 
proposed at one time that electrons could be 
accelerated into a thin foil at high energy and, 
under the- proper conditions of energy and film 
thickness, secondary electrons could be collected 
from the opposite or transmission side. Orvin,3 
Lubszynski,4 and McGee 5 in the 1930's suggested 
that this principle could be used as a device to 
give electron multiplication. This idea was not 
pursued actively because films that were thin 
enough to allow use of relatively low accelerating 
voltages, and films that had reasonable secondary 
yield could not be obtained. Twenty years later 
in 1953, Ernest J. Sternglass of the Westinghouse 
Research Laboratories proposed a new direct
view image intensifier tube using a strong thin 

TSEM dynode structure which gave high yields 
at low accelerating voltages and overcame all of 
these early difficulties.6 7 8 This dynode structure 
hat'! led to the development of a practical TSEM 
image intensifier. The early development of the 
TSEM image intensifier" was accomplished with 
mesh-supported dynodet'!, but all current tubes 
employ edge-supported dynodes which arc free 
of the extraneous mesh pattern. 

General Description of the WX-4826 

The WX-4826 shown in figure 9-1 is comprised 
of a compact rugged metal ceramic and glass tube 
envelope about 5% inches long and 3 inches in 

FIGURE 9-1.-Photograph of We.tinghouse WX-·t826 
tranAmi~8ion secondary emi8sion image intensifier. 
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FIGURE 9-2.-Schematie of transmi".ion .eeondary emis. 
sion inten"ifier. 

diameter. It contains a photoemissive photo
surface, 5 TSEM edge-supported dynodes, and a 
phosphor. A 8chematic diagram of the tube out
lining its action is shown in figure 9-2. 

The input light i8 focused on the photmmrface 
where it is convertefl to photoelectrons. These 
photoelectrons are acc(']erated to the first TSEM 
dynode where, on the average, 6 secondary elec
trons are generated for each primary electron. 
These secondary eIcetrons are emitted from the 
transmission "ide of the dynode and are aeeelerated 
to the next dynode where they are again multi
plied. A fter the last dynode, the e1eetrons are 
accelerated to the phosphor where they are eon
verted haek to light for direct viewing or for 

FIGURE 9-3.-Photograph of output image TSE image 
intensifier We8tinghouse type WX-4826 USAF 1951 Res
olution Test Chart. 
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photography. Focusing of the eleetrons between 
stages in the tube is aceomplished by an axial 
magnetic field provided by a solenoid or cylindrical 
permanent magnet surrounding the tube. 

The photocathode in the present tube is an 
antimony-cesium (CsaSb) type photosurfare pro
eessed to give good sensitivity and low dark eur
rent. This photosurface is recessed within the 
tube and i8 a Hipover type. The purpose for this 
design is to keep alkali vapor, generated during 
processing of the photosurface, from diffusing 
throughout the tube. If the alkali vapor is allowed 
into the TSEM part of the tube, it leads to 
undesirable background and instability. In addi
tion to this special photocathode processing, the 
compartmentalized design of the multiplying 
stages further reduces baekground by preventing 
ion and light feedback from stage to stage, while 
the plane parallel construction allows the image 
to be intensified with little or no geometrical 
distortion and relatively little loss in resolution 
from center to edge. (See fig. 9-:q 

The TSEl\[ dynodes in the WX-c1826, one of 
which is shown in figure 9-4, consist of a very thin 
supporting film of aluminum oxide, AlzOa• on 
which a conductive layer of aluminum and a trans
mi"Rion secondary emitting material, in this case 
potassium ehloride, Kel, have been de pOI'i i ted. 
Typical gain ('haraeterilltics for these TSE films 
hefore tube processing are shown in figure 9-5. 
The maximum electron gain is between 6 and 7 

FIGURE 9·-4.-Photograph of TSE dynode edgc-supported 
type. 
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at 4,000 to 5,000 volts primary energy. In the 
WX-4826, there are five TSE dynodes. The total 
gain in completed tubes is shown in figure 9--6. 
In the WX-4826 electron, gains of 10,000 are 
readily obtained. The resultant brightness gain 
and photon gain characteristics of the tube with 
this electron gain are shown in figure 9-7. These 
resu1ts were obtained with a type Pll (blue) 
phosphor. Use of a P20 (ye1low-green) output 
phosphor, which is also available, furtber increases 
the brightness gain. With these high gains it is 
possible to record on film scintillations caused by 
single photoelectrons. Thus, the tube has the 
"ultimate" theoretical gain. Photoelectron noise 
limited images thus obtained appear as shown in 
figure 9--8. 

It is interesting to note that even though the 
image has passed through 5 TSEM stages and a 
phosphor stage, it is still possible to obtain image 
resolution greater than 30 line-pairs/millimeter. 
At this point, we have been limited by the resolu
tion of our output phosphor. This indicate~ the 
resolution capability of single TSEM films is 
greater than 100 line-pairs/millimeter. 

Ad,·antages of the TSEM Image Intensifi~r 

One of the most important advantages of the 
TSEM approach is that the TSEM film charac
teristics can be measured prior to use in a final 
tube. With preinspected dynodes and phosphor, 

it is then necessary to make only one good photo
surface instead of two, three, or even four, in the 
same envelope. As image tube engineers know, 
this can be a blessing in complex tubes. Another 
advantage is the inherently high-resolution capa
bility of the TSEM films which is now being 
confirmed by actual observation. 

Life 

One of the goals of the development work sup
ported by ERDL was to improve the life charac
teristics of the TSEM image intensifier. Farly 
work gave widely scattered data on life. Recent 
data in WX-4826 indicate less than 10 percent 
decrease in electron gain after 10 miIIicoulombs/ 
cm2 have been extracted from the last dynode. 
This is equivalent to an output current of 5 X 10-0 

ampel'es/centimeter 2 for approximately 500 hours. 9 

During this same time interval, we have observed 
an approximate 35 to 40 percent falloff of photo
response in the flipover cathode type tubes. 
This has been confirmed by other investigators. 1o 

This fa1loff may be due to dissociation under 
dynamic conditions such as will be discussed by 
Dr. Linden II or to attack by products from the 
dissociation of the TSEM dynodes during opera
tion. This falloff is observed primarily during 
operation and not during shelf life. To solve 
this problem we now have developmental tubes 
in which the photosurface is on the input window 
and the first dynode acts as a vapor barrier 
between the photocathode and the TSEM part 
of the tube. Indications are that this will sub
stantially decrease the rate of photoresponse 
decay. 

Applications 

Westinghouse TSEM image intensifiers have 
been applied to the field of nuclear physics, 
astronomy, X-ray, and gamma ray studies, high
speed photography, and low light level viewing. 

A nuclear scintillation track camera,12 as shown 
in figure 9-9, using two Astracons was operated 
by Dr. Gerhard Goetze and Dr. Helmut Kanter 
of the Westinghouse Research Laboratories. 
With this scintillation track camera, Drs. Goetze 
and Kanter were able to obtain pictures of particle 
tracks in a NaI crystal. For this application one 
of the Astracons was gated with I-millisecond 
ruises, but gating times less than 1 microsecond 
are believed possible with suitable pulse circuitry. 

In astronomy, Astracons with permanent mag
net focusing were tested on the telescope at 
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FIGURE 9-8.-Photograph of output image (USAF 1951 Resolution Test Chart). TSE image intensifier We~tinghouse 
type WX-4826-Photoelectron noise limited image at very low light level. 

Lowell Observatory in Flagstaff, Ariz.,13 by 
Goetze of Westinghouse and Kent Ford of Car
negie Institution. These tests showed a gain in 
exposure time of ISO times and a total information 
gain of 3 times over conventional photography. 

In the fields of physics, recent Astracons have 
been used to intensify the image of phosphor 
screens to allow direct observations of Laue 
patterns 14 for X-ray diffraction studies, and to 
show fea~ibility of pinhole camera techniques for 
studying the gamma ray radiation pattern of 
large area;; without scanning. 15 The Alitracon 
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has also been used for low light level viewing, but 
the results are incomplete. 

There is one application as yet not pursued for 
the TSEM section of this tube.. This is in the 
ficld. of photosurface or emission studies. The 
TSEM part of the tube can be used to give suffi
cient gain and spatial resolution to allow funda
mental studies of such phenomena as thermionic 
emission from photosurfaces. 

Other developments include the addition of 
fiber-optic input and output window8 for improved 
coupling to other devices, and the use of different 
phot08urfaces for reduced background ami in-
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FIGURE 9-9.-Nuclear track camera. 

creased sensitivity over the presently used 
Cs3Sb photosurface. Larger and/or smaller size 
designs to accommodate a wide range of applica
tions also appear feasible now. 

One of the major new developments in the 
TSEM image intensifiers, is in the TSEM film itself 
and will be discussed in a paper by Dr. G. W. 
Goetze 16 of the ,,1 estinghouse Research Labora
tories. 
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Discussion 

S. READ, Jr.: What performance disadvantages are encountered with TSE tubes? 
H. R. GROO: This depends entirely on the application. Since the device is electromagnetically 

focused, it is necessary to provide a magnetic field either with a permanent magnet, which adds weight 
to the equipment, or with an electromagnet, which requires additional power and in some cases cool
ing. The condition 01 electromagnetic focusing alRo increases the degree of ripple and regulation 
required in the high voltage power supply to obtain and maintain optimum focus. 

M. ROME: What is the loss in contrast due to the 30-percent high-energy transmission electrons? 
Why isn't the scattering film to reduce high-energy primary electrons any longer used if the percentage 
is so high for transmitted primaries? 

H. R. GROO: The loss in contral'lt depends on the type of scene viewed and the light level involyed. 
The factor to consider is not the number of primary electrons which penetrate, but instead the ratio 
of secondary electrons emitted to the number of incident primaries which penetrate the film. This 
ratio for typical operating conditions is 20 to 1 or higher, so you can see that the contribution of pen
etrating primaries is quite small. Furthermore, since the magnetic focusing field is so large (500-600 
gauss), the penetrating primaries are well constrained. The scattering layer is not used because it 
did not improve the performance of the dynode appreciably. 

W. F. NIKLAS: What are the maximum contrast, maximurri life, maximum cathoJe loading? Is 
electrostatic focus possible? 
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H. Jl. GROO: J\;[aximum contrast-Depending on the input scene, the light level, and the exposure 
time, it is possi.ble to achieve nearly 100 percent contrast in the output image. 

Maximum lif~The maximum life depends, of course, upon the definition of "life." The present 
tube life is limited by the decrease in photocathode sensitivity during operation. Some data on this 
subject are reported in the Final Report, USAERDL Contract DA-44-009-ENG-4531. Life is of 
the order of hundreds of hours at moderately low light levels. New deRigns in which the photosurface 
is isolated from the dynodes are expected to have much longer life. 

Maximum cathode loading-This has not been determined. 
Electrostatic focusinp,--This is possible, but would result in much loss of resolution except on axis. 

Proximity focusing is being investigated now. The high-gain dynodes discussed later by Dr. Goetze 
of the Westinghouse Research I.aboratories may be the answer to conventional electrostatic focU!~ing 
with TSE dynodes. 

W. T. POWERS: Will cooling extend the tube life? 
H. R. GROO: No data are available. The life should be quite adequate for most astronomical 

applications now. 
G. T. REYNOLDS; Have you made any quantitative measurements of the fraction of single electrons 

leaving the photocathode that can be recorded at the output? 
H. R. GROO: We do not have such data yet. I would like to discuss the problem with you later. 

Because of statistics at the first dynode, some photoelectrons will not be multiplied at all. How large 
this number is, we do not now know. 

A. B. DoTY: Has the possibility of using these intensifier tubes with a vidicon been considered? 
(The application of interest is such that illumination typical of TV studios can be supplied but not 
enough to obtain acceptable lag.) 

H. R. GROO: Yes; this has heen considered and tried. I have no data available at the moment, 
hut will be glad to discuss the matter later. 
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10. NOISE PROBLEMS IN CONTINUOUS CHANNEL ELECTRON 
MULTIPLIERS 

JOHN M. GRANT, Advanced Development Laboratory, ITT Federal Laboratories 

The continuous channel multiplier is, in theory, 
a very simple amplifying device; it consists only 
of a high-resistance hollow pipe, or a bunch of 
such pipes, with a static electric field along the 
axis. The schematic shown in figure 10-1 illus
trates how amplification is achieved. An eJectron 
striking the wall of the channel will liberate 
secondary electrons. These liberated secondaries 
will be accelerated down the channel by the 
electric field until they too collide with the chan
nel wall, liberating still more secondaries. In 
this fashion, multiplication is accomplished, pro
vided of course, that the effective secondary 
emission ratio of the surface of the wall is 
sufficiently large. 

If the trajectories of all of the electrons were 
as simple as that shown in the schematic, the 
continuous channel would be a nearly perfect 
multiplier. Unfortunately, this is not the case. 
The secondary emission ratio and the trajectories 
of the individual electrons are statistical quantities 
and, hence, exhibit fluctuations. These fluctua
tions ultimately manifest themselves in the un
desirable noise of the multiplier. In figure 10-1 
we have listed five possible sources of noise in the 
continuous-channel multiplier. The first of these 
includes effects such as the variation of the 
secondary emission ratio, 5, due to the variati~n 
in the angle of incidence of the primary electron, 

CONTINUOUS 
CHANNEL 

MUL TIPLIER 

SOURCES OF NOISE IN 
CONTINUOUS CHANNEL MULTIPLIER 

I. NORMALLY OBSERVED VARIATION OF 
THE SECONDARY EMISSION RATIO, 8. 

\ 2. VARIATION IN 8 DUE TO THE VARIATIONS 
\\2e- IN THE, SURFACE CONSTANTS. 

\ 3. VARIATION IN 8 DUE TO FIELD IRREGULARITIES. 
\ 

d\ 4. VARIATION IN 8 DUE TO VARIATION IN 
THE ANGLE OF EMISSION 

5. VAR IATION IN 8 DUE TO VAR I ATIDN IN 
EMISSION VELOCITY. 

FIGURE 10-1 

and the variation in 5 due to imperfection in 
what might be called a "perfect surface" (i.e., 
pure homogeneous surface). This effect is present 
in conventional multipliers as well, and is expected 
to be small when compared with the remaining 
four on the list. The next two items depend on 
the state of the art of the continuous-channel 
multipler fabrication. In any individual channel 
these effects will not give rise to any significant 
fluctuation in the gain; however, the variation of 
these quantities does result in a fluctuation of the 
average gain of different channels and thus will 
cause fixed pattern noise. In any case, having 
recognized that these effects exist, we will now 
dismiss them, anticipating that these effects will 
be controllable by advancements in technology. 

Items 4 and 5 (along with the small contribution 
from 1) constitute the real fundamental effects 
which place a lower limit on the noise. It is easy 
to understand why these last two items lead to a 
variation in 5. If, in a channel of cylindrical 
geometry, an electron is emitted nearly tangential 
to the channel wall, then the time of flight of this 
electron is considerably less than the time of flight 
of an electron emitted normal to the wall, with a 
small initial velocity (fig. 10-2). Since the dis
tance traveled down the channel in a uniform field 
is proportional to the square of the time of flight, 

8 
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ev 
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FIGURE lo-3.--ContinuoU8-channel electron multiplication "tree." 

and since the energy acquired by an electron is 
simply the field intensity multiplied by the dis
tance the electron has traveled down the channel, 
it is obvious that the energy of the electron upon 
impact with the channel wall is proportional to 
square of the time of flight. Reference to a 
curve of the secondary emission ratio versus 
energy (fig. 10-2) shows that values of 0 
between zero and some maximum 0 are possible. 
For the purposes of demonstration, a chain of 
events has been followed in a tube 200 radii in 
length (fig. 10-3). The only fluctuating quantity 
in this multiplication chain is the secondary 
emission velocity vector. This is, of course, just 
one of many possible chains, and perhaps it is not 
even "typical"-but it does serve to illustrate the 
statistical nature of the multiplication. It if; 
quite striking that of the three secondaries 
liberated at the second step, only one has initi
ated any appreciahle gain at step 6. The chart 
indicates that after six steps, most of the electrons 
are still in the channel. A more detailed inspec
tion of the position of the electrons would reveal 
that those electrons in the sixth step which belong 
to the group giving a large gain are over halfway 
down the channel, while those electrons in the 
sixth step which are part of the small gain group 
are only about one-quarter of the way down the 
channel. 
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It is still possible for the electrons in the low
gain group to participate in a significant amount 
of multiplication, hut the length of the channel 
available for this multipiication is only ahout 
three-fourths the length of the complete channel. 
All of this is quite qualitative; the purpose of it 
is only to emphasize the role items 4 and 5 play 
in contributing to the noise of the continuous
channel multiplier. 

Figure 10-4 shows the choice of geometry for a 
more quantitative calculation of the noise. An 
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electron, with initial energy w, emitted in the direc
tion described by the angles ° and cp will travel a 

normalized distance toz, given by the expression 
ro 

in figure 10-4. Note the presence of the product 

E . h . £ toz Tl . h d' ro III t e expressIOn or -. lat IS, t e ra IUS 
ro 

of the channel may be scaled down, providing the 
field is increased accordingly without affecting 
the results. N ow the fraction of electrons from 
the element dA emitted into the elements dw, dO, 
and dcp at w, 0, and cp is, from theoretical and 
experimental considerations,! given by the second 
expression in figure 10-4. It would be desirable 
to analytically compute from these equations the 
fraetion of electrons which arrive at the element 
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Instead, a numerical 'Monte Carlo ealeulation 
has been performed in which values of 0, cp, and w 

were selected acconling to a cosine distribution of 
direction and a Maxwellian velocity distribution 

to? 
and the resulting --= calculated. Some results of 

ro 
these computations are shown in figure 10-5, for 

different values of Ero. The area under any ele
ment of the curves gives directly the fraction of 
electron!' which fan into that element. The frac

tion may also be interpreted as the probability 

that an electron falls into the element d (~:) at 
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ro 
One may observe (fig. 10-5) that these curves 

are reasonably well approximated by the function 

-b ~ .lz 
ae r. for 0<-<. 

ro 

This expression may not hold for very large values 
of Ero. but these large values are uninteresting 
anyway, at least for channels of small diameter as 
used in image intensifiers. 

Now the low-energy range of a secondary emis
sion curve can be coarsely fit by a straight line 
from W=O to some w, say W=Wo (fig. 10-6). 
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This approximation will be valid if no electron 
in the channel ever acquires an energy greater 
than woo We can be al'lsured of thil> if we consider 
only channels whose length, L, is 

L<~ 
-Ero 

/. is in units roo 

The particular curve shown in figure 10-6 is from 
the experiments of ·Whitten and Laponsky on 
MgO thin film,~ and for this case Wo is around 600 
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ev. For most substance!' the value of Wo would 
be somewhat lower, around 400 ev. The limiting 
of the channel length may appear to be a rather 
stringent condition. Actually, for the lower 
values of Ero, only a very few electrons will ever 
exceed Wo anyway. We may then extend the 
length of the tube beyond the critical length and 
neglect the small contribution from those elec
trons whose energies exceed woo Obviously, the 
further one extrapolates the results beyond this 
limiting value of length, the greater the errors 
become. 

Using this approximation to the secondary 
emission curve and the empirical probability 
distribution functions, one may compute ana
lytic expressions for the mean gain, G, and the 
variance, (12, for a channel of length L. The 
expression for the mean gain is shown in figure 
10-7. C is the slope of the line approximating 

- a -bL / i G=1)e COSH aCEro L 

A 

L < Wo 
- Ero 

(~) PERFECT = 1.1 + .!L22 I 

(N
S) ';1 1f 

IMPERFECT 

FIGURE 10-7 

the curve for the secondary emission ratio. One 
may also define a noise figure, A, to be the signal
to-noise ratio of a "perfect" channel mutiplier 
divided by the signal-to-noise ratio of the real 
channel mutiplier. The "perfect" channel multi
plier is considered to have a nonfluctuating gain 
equal to the gain of the real multiplier. The 
expression for A is also shown in figure 10-7. 

A curve of the mean gain as a function of the 
channel length for a few values of Ero and C is 
shown in figure 10-8. The value of C=O.03 
(volt)-l is from the previous curve of Whitten and 
Laponsky, while the value C=O.OI (yolt)-I is for a 
fictitious secondary emitter having a maximum 
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value of 0=4 for a primary electron energy of 400 
electron volts. Note that the channel multiplier 
has a gain less than one for any length when Ero=6 
and C= 0.03. The gain for Ero= 8 and Ero= 16 
become less than 1 as well if the slope C of the 
secondary emission ratio curve drops below 0.018 
and 0.007, respectively. A comparison of the 
various curves indicates quite clearly that 
appreciable values of gain can be achieved only 
with combination of a large value of Ero and a 
large value of C. For channels of small radii 
this corresponds to large field strengths and a 
good secondary emitter. 

Figure 10-9 exhibits the noise figure versus 
gain for the interesting values of Era. Again we 
see that a good noise figure is achieved only with 
a large value of Ero and a large value of C. (In 
obtaining theBe curves the calculations have been 
extended far bcyond the limits of our approxima
tions, so the curves at most indicate only the order 
of magnitude.) Also plotted on figure 10-9 is the 
theoretical noise figure for a well-focused dynode 
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FIGURE 10-9 

multiplier. This curve was obtained by taking 
the average secondary emission ratio to be 5 and 
varying the number of stages to achieve the appro
priate gain. A comparison of the curves indicates 
clearly that the noise resulting from the variation 
of the secondary emission velocity vector is 
significantly large. Moreover, as the gain is 
increased (Le., the cbannellengtbened), the noise 
figure continues to increase; this is in contrast to 
the ordinary dynode structure for which the 
noise figure approaches a constant value as the 
gain is increased. 

In concluding then, we have seen that good 
performance of small channel multipliers requires 
large values of Ero and large values of C. As the 
channels are made smaller and smaller, the strain 
on the technology required for their fabrication 
will be greater and greater, for it will be necessary 
to form excellent secondary emitting surfaces in 
practically inaccessible areas and to support 
enormous field strengths across these areas. 
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Appendix 

Calculation of Noise Figure A 

Z 
Let t= - and define 

ro 

(1) 

as the probability that an electron liberated at 
tJ arrives in the element dt! at t!. Also define 

(2) 

i.e .• the probability that an electron liberated at 
tJ exceeds the coordinate t=L. Define 

tl-tl~O 

t;-tJ<O (3) 

to be the S.E. ratio resulting from a primary 
electron liberated at tJ and impinging at ti' 
(This last expression states that all primaries that 
travel a direction opposed to the field lead to zero 
secondary emission ratio. This is not precisely 
true, but as the energy of the primary in this 
instance is less than its initial energy. it is a good 
approximation.) 

Now if n electrons are liberated at t=O. the 
mean number of them which exceed t=L without 
striking the channel wall is 

(4) 

The mean number of them which strike the 
channel wall at tl is 

The mean number of electrons liberated at tl is 

The mean number of these which exceed L is 

(5) 

Summing dNI over all possible values of the 
impact position tlo we obtain 

N1=n J: .. a (tl)p(tl)7r(L- tl)dtl 

=n J:LO(tl) p(.\I)'/I"(L- tl)d.\l 

since from equation 3, O(tl)=O for tl<O. 
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(6) 

Now Nl is the contribution. of the total mean 
number of electrons emerging from the channel, 
which arises from one-step processes. 

The mean number of electrons liberated at tl 
which strikes at t2 is 

The mean number of electrons liberated at t2 is 

The number of these which exceed L is 

d2N 2=np(tl)dtI0(tl)P(t2- tl)d.\20(t2- t,)1r(L- .\2) 

(7) 

Summing over all possible values of t2. we obtain 

dN2=Np('\I)d'\10(tl) J:., 0('\2 

- tl)P('\2- t,)'/I"(L- .\2)d.\2 

dN2=Np(tl)d'\10(tl) fL 0(.\2- tl)P('\2 Jtl 
- .\')'/I"(L- .\2)dt2 (8) 

Summing again over all t 10 

N 2=n J:", fr~ 0('\1)0(t2- tl)P(tl)P('\2 

- .\1)'/I"(L- .\2)d.\1 (9) 

N2 is the contribution, of the total mean number 
of electrons emerging from the channel. which 
arises from two step processes. 

In an analogous way the contribution from all 
those electrons resulting from a K'h step process is 

Nk=n fL fL ... fL 0(tl)O(t2-.\d 
Jo J'1 J'k-! 
... O(tk- '\k-l)P('\I) ... P(tk- tk-l) 

We may write the previous equation as 

where gk is the gain for a K step process, and 

and, 

dPYk('\1 ... tn)=P{'\I) ... P(tk 

-tk-l)'/I"(L-tk)d.\k' .. d.\! 



is the probability of obtaining {!,kCtl .•. tk) 
which is identically equal to the probability that 
an electron impacts at K specified values of t 
before exceeding the channel. Obviously since 
gk is the exception value of the "gain function" 

{!,k, we must interpret the variance, ({!,k- gk)2 

=Uk
2

, as 

(12) 

Now since each of the k processes are statiiiically 
independent, the total mean gain G is 

(13) 

and the total variance is 

(14) 

Now if n electrons are introduced into the 
channel, we obtain a sample, Yn, consisting of n; 
values of the function G. We may write 

(15) 

where the superscripts indicate different value of 
the function G. If n were always constant, the 
mean value of the Yn's would be 

Yn=nG (16) 

and the variance, uu
2
n of the Yn's would be 

(17) 

In general, n (the input signal) is not constant, 
and we must consider the fluctuations in the size 
of the sample, Yn, as a result of the fluctuations 
in n. Let P(tG) be the probability of obtaining 
a specific £G. We have not formulated an 
expression for P(lG), but we know that 

(18) 

and 

(19) 

where the sums (or integrals) are taken over all 
possible values of fG. 
Let Pen) be the probability of obtaining a sample 
of size n. The probability of obtaining a specific 
.Yn is then 

With this notation, the average value of the , . 
Yn SIS 

Yn = L: nG pen) =71 L: nP(n) =nG (21) 
n n 

and L:y,,2, the variance of the Yn's is 

UYn2=[L: L: ... L: (I0+2G 
n 10 "0 

... nG)2p(lG)peG) ... P("G)P(n) ]-Yn 

uy,,2=[~ (nG2+n (n-l)G2)P(n) ]-Y',2 

(22) 

The case of most interest is when n is Poisson 
distributed; then 

(23) 

and equation 22 becomes 

(24) 

~ow making use of the identity 

(25) 

equa tion 24 becomes 

(26) 

Now the signal.to.noise ratio of tbis imperfect 
multiplier is given by 

s y" nG 
N (Imperfect) uy.. .In (2;2+G2) 

(27) 

S 
N (Imperfect) (28) 

A perfect multiplier would have u2 =O; hence, 

s _ 
- =n 
N (perfect) 

(29) 
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Defining a noise figure A as Then 

A - (~ ) ~rrect 
a 

7r( L) =fj e-bL p(rl) p(rz- rl) 

(30) 
... p(rk- rk-I)7r(L- rt) =ak en e -bL 

- (~ ) Im~rrect (33) 

and 
we obtain 

a 1:
Li L 

gk=ak - e-bL(CEro)k 

.J~ (31) 
b 0 tl 

A= 1+=- .. '1L 
Mr2- rl) ... (rr- rk-d. G2 (34) 

tk - I 
with G and ;2 given by equations 13 and 14. drk' .. drl 

To evaluate G and 0'2, we assume - /b -bL( rE )1 L2k gk=a ea· ro (2k)! (35) 

p(r)=ae- br O~ r< <Xl 

8(r) =CEror O<r~L (32) 
G= L: gk=ajbe-bL cosh ·,laCEro J. 

k=O 
(36) 

In the same way 

O'k2=ak(~) e-bL(CEro)2kiL i~ 

Now 

and 

(40) 

where JO and IO are the zero order Bessel function of first kind and modified function of the first kind. 

Finally we obtain 
-(2a) 1/3(CE,o)213L 

0'2=G) e-bL{%e cos ·,/3j2(2a»)i(CEro)%L+~e(2aHHCEro)7~L } 

_(~) e-2bL JO(2-vaCEroL) +]O(2·/;iJJJJ:roL) 
b . 2 

Discussion 

I. LEVIN: What is the structure of the channel? Is it a tube of MgO or MgO evaporated on a 
metal surface? 

J. M. GRANT: This PllI'.eris purely an analysis, and the fabrication of any particular structure 
IS not considered. The ~alculations assume only hypothetical surfaces which are representative of an 
average and an excellent emitter, the surface was assumed to have the secondary emitting properties 
of MgO thin film. 

W. C. WILEY; I pointed out that the measured noise figures obtained at Bendix are comparable 
with those obtained with discrete dynode multipliers and do not support the analysis given in the paper. 
Several reasons for this were given involving the validity of the original assumptions. 
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J. M. GRANT: I neglected to indicate that for each input electron striking the channel wall at its 
entrance (z-- 0), one secondary electron was assumed to be emitted. If this first impact is characterized 
by a secondary emission ratio different than one, the values of gain exhibited in this paper will be in
creased by that ratio and the noise figures decreased by square root of the ratio. However, I do not 
believe this fully accounts for the discrepancy between noise values you have measured and the predic
tions of this analysis. With regard to the validity of the assumption, I have confidence that they are 
completely justifiable. _ Probably the most significant effect which was neglected is the dependency of 
the secondary emission ratio on the angle of incidence of the primary electron; again, however, I feel 
that this could not account for the apparent difference between the analytical and measured results. 

J. W. HICKS, JR.: Did your gain figures apply to number of electrons or energy? 
J. M. GRANT: The gain figure is the ratio of the number of electrons emerging from the channel to 

the number entering the channel. 
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II. LIMITATIONS TO RESOLVING POWER IN ELECTRONIC 
IMAGING 

A. E. ANDERSON and R. J. SCHNEEBERGER, Research Laborawries, Westinghouse Electric Corp. 

Introduction 

The performance of an electronic imaging 
system is limited by two system characteristics
the fidelity with which the image is reproduced 
and the noise present in the information-bearing 
channel. The ability of the eye to distinguish a 
pattern in a noisy signal has been previously 
investigated for cases in which the noise was 
assumed to result from the quantum nature of the 
signal. I 2 More recently, a similar investigation 
was carried out for conventional television pres
entations, in which there is an additive noise 
independent of the signal strength, and the final 
image contrast, brightness, and magnification can 
be adjusted at will by the observer. 

This paper deals with methods of specifying 
and measuring the fidelity of a reproduced image 
in terms of an appropriate amplitude response 
factor. Mention is made of the concept of noise 
equivalent pass band introduced earlier by 
Schade.3 A selective amplifier for obtaining a 
direct measure of the sine wave response factor is 
described. Finally, a quantitative discussion of 
the manner in which system noise interferes with 
image resolution is presented. It is emphasized 
that throughout the discussion, only "white" 
noise is considered. Since other kinds of noise due 
to amplifier peaking characteristics and fixed 
pattern fluctuations frequently are pi'esent in cer
tain types of systems, it is evident that future 
work should he directed towards the manner in 
which various non-gaussian fluctuations limit 
system performance. 

Amplitude Response Considerations 

Figure II-I shows the response of an imaging 
system to four different test ohjects. The line 
object (I) results in a symmetrically hroadened 
image which is identified with the aperture flux 
distrihution of the system. The response to a step 
function (2) is a gradual transition from dark to 
light. In (3) is shown the response to a square 

wave input which results in a wave modified in 
shape, and reduced in amplitude. If the output is 
normalized so that the area under the curve is 
unchanged, the amplitude of the output wave 
relative to that of the input wave is defined as the 
square wave response factor, reN)o In (4) is 
shown the response to a sine wave input, which is 
a wave reduced in amplitude hut unmodified in 
shape. The sine wave response factor, R(N), is 
defined as the ratio of the amplitude of the output 
sine wave to that of the input wave-the areas 
under the curves again being made equal. It is 
the property of maintaining the shape of the wave 
that permits the simple manipulation of cascaded 
systems when the sine wave response factor is 
used. 

From early studies of resolution and detail con
trast characteristics of photographic and television 
images, it has long heen apparent that the sharp
ness of an image has no fixed relation to the limit of 
resolution of the system, but depends rather on the 
steepness and form of the intensity or luminance 
curve representing a unit function transition; i.e., 
a sharp edge. The differences in response char
acteristics indicate that a comparision of image 
definition by a single figure of merit requires the 
evaluation of a measure such as an equivalent re-

OBJECT INTENSITY 
DISTRIBUTION 

IMAGE INTENSITY 
DISTRIBUTION 

FIGURE ll-l.-Response of an imaging system to various 
object shapes. 
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sponse characteristic that can be specified by one 
significant number. It is important that this 
equivalent measure agree with a visual impression 
of sharpness. Schade 3 has introduced such an 
equivalent measure amd cans it an equivalent pass 
band of constant amplitude extending to the line 
number, N .. as defined by 

N,= i"' [R(N)J2dN, 

where R(N) is the sine wave response factor. 
In entertainment and/or industrial television 

where a relatively few salient features of a picture 
convey the desired information, evaluation by the 
single figure of merit, N., is useful and valid. 
For applications concerned with surveillance, 
astronomy, or radiography, one is more concerned 
with the resolution limit of the picture than with 
its visual impression. For the latter applications, 
a response factor such as the sine wave response 
factor, R(N) , seems to be the more meaningful 
approach. A straightforward integration will, of 
course, yield N. if desired. 

Measurement of Sine Wave Response 

Patterns which generate square wave forms are 
much simpler to construct accurately than those 
for sine wave, since a sine wave pattern needs a 
continuously varying intensity distribution. .such 
patterns are available for the visible wavelength 
region but would be very difficult to construct for 
the infrared or ultraviolet. Coltman 4 has shown 
that the difficulty of experimentally providing a 
sine wave test pattern can be avoided by measur
ing the response to a square. wave (bar pattern) 
and calculating by a simple formula the corre
sponding sine wave response factor. 

In this section, an alternate scheme is described 
whereby a selective amplifier is used to eliminate 
all harmonics above the fundamental, thereby 
obtaining a direct measure of the sine wave 
response from a square wave input. In addition 
to obviating the tedious calculations involved in 
converting from a square wave to a sine wave 
response, the use of a selective amplifier results in 
a reduction of noise in the oscilloscope display. 
Accurate measurements are then made possible 
at signal levels where the noise from a wide band 
amplifier would he comparable or greater in 
magnitude to the signal. This is especially 
important in view of very small values of signal
to-noise ratios at which the eye can extract useful 
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information from images. A selective amplifier 
has been built and used successfully in measuring 
the sine wave response of a far infrared pickup 
tube where the signal level at high line numbers is 
comparable in magnitude to that of the background 
fixed pattern noise. 

The procedure for making sine wave response 
measurements on any signal generating tube with 
the selective amplifier is as follows: 

(1) A square wave test pattern of the 
desired number of cycles is focused on the 
sensitive surface of the tube. For a given 
scanning velocity, the tube generates a 
signal whose frequency is proportional to 
the size of the test pattern at the distance 
used. 

(2) The resulting output signal is amplified 
by a selective amplifier tuned to the funda
mental frequency of this signal. 

(3) The output of the selective amplifier is 
displayed on an oscilloscope screen arranged 
to display one line of the scan. 

~4) The sine wave voltage output is mea
sured from the amplitude of the oscilloscope 
display, calibrated by driving the amplifier 
and osciIloscope from a standard input. 

The selective amplifier should have high Q for 
rejection of noise outside the frequency in use. 
In order that a small number of signal bars may 
be used to measure the equilibrium amplitude of 
the signal, the impedance must not be too high. 
The most important feature of the signal presented 
to the selective amplifier is that it has an abru pt 
beginning and ending as a single line is scanned. 
Hence, only a finite number of cycles is present. 
This places a limitation on the degree of selectivity 
which can be used in the amplifier, and Q values 
around 10 are used in the tunable amplifier. Con
sider the response of a single tuned circuit to a sine 
wave current of frequency,J, and peak amplitude, 
1o, turned on at time, t=O. 

f 
L E 

1 
The well-known solution is 



where Q=R/wL and w= INLC= 27rf(j= frequency 
in cycles/sec). 

INPUT RESPO:-lSE 

The resPO'nse O'f several electrO'nically isO'lated 
tuned circuits in cascade is cO'nsiderably mO're 
complex, but it can be seen immediately frO'm the 
abO've that fO'r a given number O'f tuned circuits 
there is a definite upper bO'und fO'r the permissible 
Q fO'r each CO'il if the amplifier is to' allO'w the signal 
to' apprO'ach as much as 95 percent O'f its equilib
rium value during the scanning O'f a single line. 
Since the "skirt" selectivity O'f an amplifier with 
a given bandwidth imprO'ves as the number O'f 
tuned circuits increases, a balance must be struck 
between simplicity and idealized characteristics in 
chO'Qsing the number Qf tuned circuits. In prac
tice, there seems to' be little to' be gained by gO'ing 
beyO'nd twO' tuned circuits, since this appears to' 
prO'vide mO're than adequate selectivity. The 
reSPO'nse to' a step input Qf twO' tuned circuits in 
cascade is 

E(t)=Eo [l-et!T-~ e- tl ] 

where r=2Q/w. 

Noise Limitations to Resolving Power 

CO'ltman and AndersQn have shnwn that it IS 

PQssible to' derive certain relatiQnships between 
image detail and signal-tQ-nQise ratiO' required 
withQut reCQurse to' any experiment. They arrive 
at the fQIIQwing theQrem which is nQt restricted 
to' televisiO'n-type displays, but, subject to' certain 
PQstulates, applies to' any display whatever: The 
strength of white noise required to mask an image 
signal is directly proportional to the linear size of 
the image. 

FQr the case Qf a televisiQn display, it is assumed 
that the viewer can change at will the gain, 
backgrQund brightness, and viewing distance; it 
is apparent that Qnly the signal-tQ-nQise ratiO' is 
impQrtant in determining the threshQld. We 
may thus restate the results: The signal-to-white
noise ratio required for detection of an image is 
inversely proportional to the linear dimension of 
the image. 

A cQrQllary Qf the abQve may alsO' be inferred 
frQm the same argument: The optimum viewing 
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distance for detection of an image in white noise is 
directly proportional to the image size. 

Assume a televisiQn image Qf a vertical sine 
wave bar pattern, having enQugh lines shQwing 
in the picture SO' that the effect O'f the finite frame 
size may be ignO'red. The theQrem prQPQsed 
states that the threshQld signal-tQ-nO'ise ratiO' is 
inversely prQPQrtiQnal to' the linear dimensiQn O'f 
the image, Qr prQPQrtiQnal to' the number Qf lines 
n per cm. 

N'hTeShold=const . hncs/clll. (
screen Signal) . 
screen nOIse 

(1) 

In Eq. (I), the screen nQise is measured by the 
brightness fluctuatiQn Qn SQme small area Qf the 
screen. Wben this fluctuatiQn i~ related to' the 
nQise impressed Qn the scanning beam Qf a kine
SCQpe, the fQllQwing relatiQn can be stated: 

N -k (Ate lle"I1J)lf2 signal 
llneB/l>lcture- R noise' (2) 

w here A is an area Qn the picture which is small 
cQmpared to' the frame size, hut large enQugh to' 
cQntain several resQlutiQn elements. Frame time 
is denQted by t; ell e. is the prQduct Qf the hQri
zO'ntal and vertical sweep efficiencies; I1J is the 
system bandwidth; and R is the aspect ratiO'. 

N QW, if the nQise in questiQn arises, as is usually 
the case, frQm a white nQise sO'urce IQcated priO'r 
to' the bandwidth-limiting circuits Qf the system, 
the nQise current is itself prQPQrtiQnal to' ..j!l J. 
Eq. (2) in this case implies that the threshQld 
value fO'r signal recQgnitiQn is independent Qf the 
system bandw:id tho The requirement Qn the 
sample area, A, nO' ted abQve and the use Qf an 
integrating time, t, larger than the frame time, 
is essentially equivalent to' assuming that the 
eye-and nQt the system--sets the bandwidth. 

TO' test the relatiQnships stated abQve, an 
experimental investigatiQn O'f the visibility O'f sine 
wave bar patterns was carried Qut using a televi
siQn mO'nitQr displaying accurately measured sine 
wave signals and white nQise. A blQck diagram 
Qf the equipment is shQwn in figure 11-2. Sine 
wave bar patterns Qf different number Qf lines 
per picture with different additive nQise levels 
were displayed to' a number Qf O'bservers in a 
manner designed to' Qbtain threshQld values. Thc 
results Qf a series O'f runs are given in figure 11-3. 

The amQunt Qf data taken was limited; and 
cQnditiQns Qf surround brightness, time interval 
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FIGURE 11-2.-Arrangement for displaying me~sured sig
nals and noise--the synchronized sine wave oscillator 
produced a vertical sine wave bar pattern of variable 
intensity on the display, while a fixed measured white 
noise was superimposed. 

between tests, etc., were not carefully controlled, 
so that the data presented here do not constitute 
a definitive study of this particular visual param
eter. They suffice, however, to demonstrate the 
relationships derived above, to provide a numerical 
value of the constant, k, in (2), and to outline the 
area of validity of the theoretical treatment. It 
is of great interest to note the extremely small 
signal-to-noise ratios required, clearly showing the 
great extent to which integration takes place in 
the eye. From the position of this line and the 
5.0-mc bandwidth used, we can evaluate the 
constant in (2) and write: 

fA"] signal 
2Vth'08ho'd=615 -v A}'--'-' nOIse 

where A} is measured in megacycles per second, 
and N is line pairs per picture width. 

The signal current in the information channel 
will, of course, be a function of many system 
parameters. In particular, as a result of finite 
scanning apertures, electron-optical aberrations, 
etc., the signal response will diminish for fine 
patterns. It is convenien't to describe this effect 
by the sine wave response function which was 
discussed in the previous section. 

Such a response curve of a typical image 
orthicon is plotted as the upper curve in figure 
11-4. The intercept 'at a signal-to-noise ratio of 
0.22 is arbitrarily chosen for an example. The 
value is maintained essentialJy unchanged for low 
line numbers, and is called here the coarse-pattern 
signal-to-noise ratio. At higher line numbers, the 
signal (and therefore the signal-to-noise ratio) 
diminishes as shown. Also plotted in figure 11-4 
is the previously derived curve of figure 11-2 
which establishes for each line number the thres
hold of signal-to-noise ratio. The abscissa of the 
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decades, and departure is ob"erved only for very small 
line numbers. 

intersection of the two curves gives the resolution 
limit corresponding to the coarse-pattern signal. 
to-noise ratio chosen. 

By making a series of such choices, the curve of 
figure 11-5 is derived, which gives the resolution 
limit as a function of the coarse-pattern signal-to-
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FIGURE 11-4.-Limiting resolution established by the 
intersection of curves representing available and reo 
quired signal-to-noise ratio. 
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FIGURE ll-S.-Calculated resolution limit for a typical 
image orthicon as a function of the signal-to-noise ratio 
for large patterns. 

noise ratio. The curve approximates over a 
decade a direct proportion between signal-to. 
noise ratio and resolution limit; it drops rapidly 
at the lower end due to the inability of the finite 
picture to display enough lines, while at the upper 
end it flattens out as the effects of finite local spots 
reduce the available signal. 

It should be noted that these curves assume an 
electrical channel of flat response and wide band· 
width. The S·mc band over which the noise is 
measured is used only to establish a numerical 
value for the signal.to·noise ratio. Both noise 
(assumed white) and signal may extend well 
beyond this limit. 

For an image orthicon operated at low light 
levels, the noise is essentially fixed, so that the 
signal.to·noise scale can be replaced by a properly 
established Bcale of scene illumination. The con· 
version factor will be a function of the photosur. 
face response, the optics used, and the object 
contrast, but the shape of the curve will remain 
fixed. Experimental confirmation is afforded by 
some data taken by Hannam 6 on two image 
orthicons employing different target materials, 
giving the observed resolution as a fun~tion of 
illumination. These data have been pl( tted. in 
figure II-6 with the illumination scale shifted for 
each tube to obtain the best fit to the theoretical 
curve. Considering the semisubjective nature of 
such measurements, the agreement is satisfactory. 

This example serves to demonstrate the validity 
of the proposed method for determining the 
limiting resolution versus light level for any pickup 
tube whose performance is limited by white noise. 
In practice, it should be necessary only to measure 

the signal.to.noise ratio at a high-enough light 
level where instrumentation is not a problem and 
to establish the limiting resolution at that light 
level. These data then can be combined with the 
sine wave response function to generate a curve 
like the example in figure II-5, but with an 
absolute scale of illumination on the abscissa. 

Nonwhite Noise 

The effects of nonwhite noise on the resolution 
limit remain to be investigated. The following 
two areas are of immediate interest: 

(1) Pickup tubes without return beam 
multiplication or pretarget intensifiers are 
limited in performance by amplifier noise. 
It is known that for the standard high. 
peaked amplifier where the noise is concen· 
trated in the high frequency portion of the 
information channel, greater noise power 
outputs can be tolerated under this condition 
than under the condition of uniform fre· 
quency distribution.7 Since the frequency 
distribution is essentially the same for all 
useful amplifiers of this type, a quantitive 
investigation should yield information which 
would be applicable to a large variety of 
situations. 

(2) Fixed pattern noise due to nonuni. 
formities in gain over the imaging area have 
a deleterious effect on the resolution limit, 
particularly under low contrast conditions. 
Grain structure in targets, intensifier layers, 
phosphors, etc., contribute to this effect. 
Since it is unlikely that the frequency dis· 
tribution follows a fixed law as in (1) above, 
investigations would have to be limited to 
specific situations. 

Conclusion 

For imaging systems, whose output is viewed 
by the eye, and which are limited by white noise, 
the resolution limit can be predicted from a 
knowledge of only two parameters, the noise 
power per unit bandwidth, and the sine wave 
response of the system. 

A selective amplifier can be used with signal. 
generating pickup tubes to obtain a direct measure 
of the sine wave response from a square wave 
input. In addition to obviating the tedious 
calculations involved in converting from a square 
wave to a sine wave response, the use of a selective 
amplifier results in a reduction of noise in the 
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FIGURE 11-6.-Comparison of experimental and calculated resolution for two image orthicons. 

oscilloscope display. Because the demands on 
signal-to-noise ratio increase linearly· with the 
line number, and the sine wave response usually 
falls off with at least the square of the line number, 
the resolution limit varies only slowly with signal 
input. 

Future work should utilize the methods de
scribed in this paper for quantitatively investiga-

ting the effects of nonwhite noise on the resolution 
limit. 
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Discussion 

F. F. HALL, Jr.: Would you mention the brightness of the monitor screen? 
R. J. SCHNEEBERGER: Each viewer was pennitted to adjust the brightness of the monitor screen 

to suit himself. 
J. JOHNSON: What was the size of the equivalent sampling aperture used in the signal-to-noise 

measurements? In the figure in which you show the intersection of a sine wave response function and 
a signal-to-noise function (fig. 11-4), how do you decide on the common scale in which to plot the two 
functions? 

R. J. SCHNEEBERGER: In the measurements on the signal-to-noise ratio required to detect a given 
resolution, both signal and noise were artificially generated and the amplifier was flat with a rather 
sharp cutoff at 5 me/sec. To estabJish a scale, it is necessary only to measure the signal-to-noise ratio 
at one convenient line number and at a high-enough light level where instrumentation is not a problem. 

J. F. ROESLER: You mentioned using a photocathode of 100 microamps per lumen sensitivity. 
Was this a S-20 (trialkali) cathode and measured by a 2,7800 K light source? 

R. J. SCHNEEBERGER: The arguments presented are hased on the current from the photocathode 
and are therefore independent of the particular type of photocathode. 

References 
1. ROSE, A.: J. Opt. Soc. Amer., vol. 38, 1948, pp. 196-208. 
2. COLTMAN, J. W.: J. Opt. Soc. Amer., vol. 44, 1954, pp. 234-237. 
3. SCHADE, O. H.: Natl. Bur. of Standards eire. 526, 1954, pp. 231-258. 
4. COLTMAN, J. W.: J. Opt. Soc. Amer., vol. 44, 195,1, pp. 468-471. 
5. COLTMA"I, J. W., and ANDERSON, A. E.: Proc. IRE, vol. 48, 1960, pp. 859-865. 
6. HANNAM, H. J.: Development of New Thin Film Targets for the Ima{!.e Orthicon. Contract DA-44-{)09-ENG-3652. 
7. THOMPSON ET AL.: RCA Rev., vol. 6,1941. pp. 111-117. 

78 



12. LOW CONTRAST THRESHOLD IMAGING 

G. A. MORTON, Conversion Devices Laboratory, Electron Tube Division, Radio Corp. of America 

Abstract 

The threshold imaging of low contrast objects 
presents a somewhat different problem from that 
of high-contrast imaging. It is advantageous to 
use a television camera tube in order to take 
advantage of its contrast enhancement capabili
ties, and to use image intensification so that the 
limiting noise is due to the statistical fluctuations 
of photoelectrons rather than system noise. The 
limit of contrast sensitivity is then determined by 
the statistics of the intensification system and stor
age capacity of the camera tube. These limits 
are discussed and methods of increasing the effec
tive storage capacity of the system are proposed. 

Introduction 

The treatment of threshold imaging is generally 
from the standpoint of high-contrast objects at 
very low light levels. The problem of observing 
low-contrast objects is of equal importance. 
While the general approach to the problem is 
similar to that of high-contrast objects, never
theless, there are important differences and differ
ences which affect the means used for making the 
observation. 

When using an electronic intensifier to aid in 
viewing a high-contrast object at low light levels, 
the limiting of sensitivity is usually set by a 
background in the viewing device (in particular, 
a nonuniform background) and the practical upper 
limit to the integration time (i.e., storage time) 
permitted by the intensifier. For example, 
where it is a direct-view intensifier image tube, 
the integration of the eye, namely, 0.2 second, is 
the maximum allowed storage time. On the 
other hand, if the device is an intensifier orthicon, 
the storage time may be much longer, the limit 
being set by target leakage. 

For low-contrast images, the average illumina
tion is generally high enough so that the back
ground of the device does not set the limit to the 
sensitivity. Instead, the limit is set by-

1. The contrast resolution of the eye. 
2. The statistics of the gain mechanism 

of the intensifier. 

3. The storage capacity of the viewing 
device. 

4. The integration time. 
The limit set by the contrast resolution of the 

eye can be easily surmounted by the use of a 
television camera tube rather than a direct-view 
image tube since with the former it is possible 
to enhance the contrast as much as necessary by 
suitably setting the background level and the gain 
system. For this reason, the following discussion 
assumes that some form of television camera tube 
will be used. 

For reasons that will become apparent as the 
discussion proceeds, it is advantageous to use an 
intensifier. The statistics of this intensifier will 
be considered in detail. 

The question of integration time and storage 
capacity will be reserved for a later section. 

The Statistics of Intensifiers 

Going back to the basic argument which has 
been so successfully used in discussing the limiting 
sensitivity for imaging, it is assumed that a perfect 
image sensor is one which is capable of counting 
the photons arriving on the sensing surface. A 
threshold sensitivity can then be calculated in 
terms of the statistical fluctuation of the incident 
photons and the number of excess photons there 
are in an illuminated area. This is shown in 
figure 12-1. In this figure, the equation for the 
limiting sensitivity in terms of image contrast is 
given. This leads to an expression for contrast 
limit in terms of resolution, illumination, and 
certainty coefficient k. 

where 

I = average (background) illumination 
-y=cathode quantum efficiency 
K= photons/Iumen 

Ac=cathode area 
l=TV lines 

(1) 
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Interpreting this argument in terms of a practical 
sensing deyice, it must be first recognized that 
photons cannot be sensed and counted directly, 
but must be allowed to interact with matter to 
produce a chemical or an electrical eyent. When 
this event is the emission of a photoelectron, quan
tum efficiencies in the blue as high as 30 percent 
to 35 percent can be achieyed so that if there were 
no further degradation of sensitivity, the threshold 
iIlumination would be less than a factor of 2 greater 
than that required for an ideal device. 

One of the conditions which has to be fulfilled 
in order to avoid further degradation of sensi
tivity is that the limiting noise must be due to the 
statistical fluctuation of the photoelectrons from 
the scene being imaged with no increase from noise 
introduced by the system. An image orthicon 
does not achieve this maximum sensitivity be
cause, over the working range of interest, the 
limiting noise is that due to the return electrons 
in the scanning beam rather than the shot noise 
of the photoelectrons. The camera tube can be 
modified so as to increase its sensitivity by inter
posing a two-dimensional current amplifier be
tween the photocathode and the storage target. 
This amplifies both the image signal and the 
photoelectron shot noise. In order to insure that 
the photoelectron noise be greater than the beam 
noise, the gain of this amplifier should be of thc 
order of 50. Where such an amplifier is used, it 
immediately raises the question of the effect of 
such an amplifier on the statistics of the amplified 
electrons. It is of interest to consider two cases; 
onc where this amplifier employs secondary emis
sion and includes several cascaded stages to 
achieve the required total gain, and an intensifier 
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where the gain is obtained in a single stage as can 
be accompli~hed with an intensifier consisting of 
a phosphor-photocathode combination. Such an 
intcnsificr scrcen consists of a phosphor film 
optically coupled to a photocathode so that elec
trons striking the phosphor cause photoelectrons 
to be emitted from the corresponding point on the 
photocathode. With 25 KV between the cathode 
and intensifier, gains of 50 to 80 have been 
obtained. 

Extensive measurements on secondary emission 
multipliers show that the pulse height distribution 
of single electrons from the photocathode is ex-
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FIGURE 12-2. 

ponential as illustrated in figure 12-2. The form 
of this distribution can be expressed by Eq. (2). 

(2) 

where 

NQ=nwnber of pulses/sec per unit pulse height 
with pulse height Q 

No=number of electrons/sec from cathode 
G=gain of multiplier 
Q=charge in pulse at multiplier output 

If groups of exactly n electrons leave the photo
cathode, the pulse height distribution becomes 
that expressed by Eq. (3). 

(3) 

where n=number of electrons per group. 

For illustration, the form of this distribution for 
exactly four electrons from the cathode is shown 
on the figure. It can be readily shown that with 
this distribution, groups of electrons with an 
average number of n electrons and random in 
origin, thus having a r.m.S. deviation of {1i about 



this average, after multiplication will have a 
pulse height distrihution with an r.m.s. deviation 
of .. /2n. The r.m.B. deviation is unaffected by 
the gain per stage over the range of gains giving 
an exponential pulse height distribution for single 
electrons (Le., up to gains of 6 to 8 per stage or 
more). Therefore, an intensifier based on this 
form of amplification would require 40 percent 
more illumination than the ideal device. 

On the other hand, an intensifier screen having 
a gain of 50 with a pulse height distribution which 
is essentially Gaussian introduces a negligible 
increase in the r.m.S. deviation of the electrons 
amplified. Thus there is a significant advantage 
in using a single high-gain amplifier stage between 
cathode and storage target for low-contrast thresh
old imaging. 

Integration Time and Storage Capacity 

The most important limit to low-contrast 
sensing is that imposed by the limited storage 
capacity of the image orthicon target. A normal 
image orthicon working in the full storage range 
(e.g., below the knee) has a maximum signal-to
noise ratio of about 30. This ratio can be in
creased somewhat by increasing the target ca
pacity. However, this effect is technologically 
difficult to accomplish and the target capacity 
can only be increased slightly without introducing 
basic problems. In terms of contrast, two areas 
of brightness, Band B+I1B, would produce two 
areas on the target having charges equal to 
Q=kBT and Q+I1Q=k(B+I1B)T and a contrast 

( ~)mln = (~Q)mln =1/30, or 3 percent. The 

value of the contrast cannot be reduced by 
increasing Q either through intensification or 
increased storage time since this would simply 
increase the surface potential of the target to a 
point where the operation was above the knee. 
Therefore, under conventional operation, the 
low-contrast sensitivity of an intensifier orthicon 
is set by the limited storage capacity. 

The effective storage capacity of the system 
may, however, be greatly increased by the use of 
multiple storage. The steps required for multiple 
storage are indicated in figure 12-3. The intensi
fier orthicon is operated at a frame rate which is 
much higher than the permissible integration 
period. The black level is set so that the video 
signal contains the noise and noise plus signal 
only and the d.c. component of the stored signal 

-+-n. STORAGE CAPACITY 
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FIGURE 12-3. 

is rejected. This video signal is then stored on 
a storage tube and accumulated for a time equal 
to the allowed integration time. During this 
second storage, the noise from successive frames 
increases by the square root of the number of the 
frame while the signal increases linearly. Thus, 
there is an enhancement of the contrast sensitivity. 
It should be emphasized that for maximum 
effectiveness, the noise which is stored on the 
storage tube must be that due to the shot noise 
of the electrons from the primary photocathode. 
For this reason, there must be an intensifier stage 
between the photocathode and the target. The 
double storage is a method of eliminating the 
d.c. component of the signal from a low contrast 
image and its environs. This component of 
charge does not contain useful information. 
Figure 12-4 shows a schematic circuit block 
diagram of a double storage system. 

It is possible to accomplish the equivalent of 
double storage in a single device. Figure 12-5 
shows one way in which this may be accomplished. 

DEFLECTION AND 
FOCUS COIL~ 

AMPLIFIER AND 
BlANKING No.1 
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FIGURE 12-,t, 
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FIGURE 12-5. 

ELECTRO~ - CURRENT 
AMPlIFIER 

PHOTO
CATHOOE 

The intensifier element is similar to that described. 
Electrons from the primary cathode are amplified 
by the intensifier screen and then strike the 
storage target where they produce secondary 
emission as in the case of the normal image 
orthicon. The low-velocity scanning beam and 
the electron image fall on the same side of the 
target. The intensifier gain is assumed to be 
sufficient so that the charge stored on the target 
is great enough to make the usc of a return beam 
secondary emission multiplier unnecessary. The 
signal is removed by the capacitative coupling 
between the signal plate at the back of the target 
and the element of the target surface. The target 
is made of a slightly conducting dielectric whose 
thickness is chosen to give high capacity per unit 
area between the front surface and the signal 
plate. 

Tn operation, the beam holds the front 
face of the target at essentially cathode potential 
while the signal plate is made negative. The op
eration of this tuhe can be described as follows: 
the potential between the front surface of the 
target and the signal plate causes a constant cur
rent to flow. The target resistance and bias 
voltage is adjusted so that this current is approxi
mately equal to the average current of the low-

contrast image and its background. The target 
resistance is made large enough so that the varia
tions in potential over the surface due to the image 
cause a negligible change in the current flow 
through the target. This current flow represents 
a continuous drawing off of the d.c. component of 
the background. 

In operation, during a frame time, the excess 
charge accumulated by the target is only that 
needed to accumulate the noise and signal from 
the scene under observation. for clarification, 
the following quantitative example is cited. Let 
us assume that the background illumination causes 
the release of 108 electrons/cm2 Isec from the pri
mary cathode and that a storage time or frame 
rate of 1 per second is employed. Assuming 104 

picture elements per cmz, the rms deviation in the 
number of electrons per element per frame will be 
100, or 1 percent of the photocurrent. If it is 
assumed that five times the rms deviation is 
sufficient charge to accommodate the statistical 
fluctuations, 95 percent of the photo current con
stitues the d.c. background. If, now, the inten
sifier element has a gain of 100, the current 
reaching the target will be 1.6 X 10-9 amps/cmz• 

The voltage between the front of the target and 
the signal plate is adjusted so that the current 
flowing through the target equals 1.6XI0-9 XO.95. 
The resistance of the target would be adjusted so 
that the voltage required to produce this current 
would be 100 volts or more. This is large com
pared to the signal voltage due to the stored 
image, which will be of the order of a few tenths 
volt. This means that the resistance through the 
target should be of the order of 1.6 X 1011 ohms/ 
cmz• This type of operation gives results equiv
alent to a normal target having 20 times the charge 
storage capacity. It must be made clear that a 
camera tube of this type has not yet been devel
oped. However, the principle may be of value if 
the need arises for a camera tube for viewing very 
low-contrast images. 

Discussion 

M. R. DACIIS: Don Cope, in discussion of the isocon, said that target noise is approximately the 
same magnitude as beam noise; therefore, will adding additional storage elements increase noise once 
again? 

G. A. MORTON: At the levels under discussion, the beam noise, if an intensifier stage is not used, 
is much larger than the target noise. An intensifier stage is used to bring the photocurrent shot noise 
up to a value ahove beam noise (the signal is, of course, also amplified by the same amount). "Pnder 
these circumstances, the second storage does not cause a significant increase in noi;;e. 
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H. DAY: What advantage does the use of a resistive target have over using a flood beam to provide the 
uniform charge: Also high capacitance target: In what way does the noise of the resistance current 
contribute to the noise in the stored signal? Dosen't this decrease the SIN gains made by integration? 

G. A. MORTON: A flood or spray beam can be used to provide the uniform charge to compensate 
the d.c. background component. It presents problems of uniformity and avoidance of scattered elec
trons reaching the signal multiplier which, while nonfundamental, are technically difficult. The very 
high target capacity required to achieve significant improvement in the contrast places demands of 
high beam current and low beam impedance on the gun that cannot at present be realized. Background 
c~mpensation with a resistive target adds noise to the stored signal, as does compensation with a spray 
beam to an even greater extent. However, this noise is beJow the shot noise of the primary photo
emission when an intensifier is used and does not significantly lower the SIN ratio of the system. 

G. SUITS: Can't the use of long persistent phosphors perform the same function as an electrostatic 
storage screen? 

G. A. MORTON: The second integration can be performed with either a long persistence phosphor 
or photographic film. However, these means decrease the flexibility of the system inasmuch as they 
do not permit a second contrast enhancement by the gain and black-level adjustment which is possible 
when a storage tube is used for the second integration. 

G. W. GOODRICH: A comparison was made between the expected performance of secondary-emission
based intensifiers and phosphor-photocathode intensifiers. The latter was said to be better because 
it has a stage gain of 50. Since the pulse height distribution of multipliers is experimentally found to 
be exponential, regardless of gain per stage, there is some question whether similar results will not be 
found in the pulse height distribution from phosphor-photocathode combinations. Are there any 
experimental results to substantiate the superiority of the phosphor-photocathode combinations? 

G. A. MORTON: The statistical performance of a phosphor-photocathode combination was estimated 
from the behavior of a phosphor used for scintillation counting, which shows a gaussian pulse height 
distribution rather than the exponential distribution exhibited by secondary emission multipliers. 

A. E. ANDERSON: The certainty coefficient K obtained for the threshold bar pattern detection at 
low-contrast images is 5 which is in good agreement with that estimated for isolated objects in your 
paper. 

83 



Page intentionally left blank 



13. PERFORMANCE OF IMAGE ORTHICON TYPE INTENSIFIER 
TUBES 

JAMES S. PARTON and JOHN C. MOODY, Warfare Branch, USAERDL 

Introduction 

During the past several years the Warfare 
Vision Branch of the U.S. Anny Engineer Re
search and Development Laboratories has been 
evaluating various types of image orthicon tubes 
used as image intensifiers in low-light level, 
remote-viewing systems. This is a part of a 
research and development program to provide a 
nighttime remote-viewing capability for the U.S. 
Army. This paper is specifically concerned 
with the experimental evaluation of the intensifier 
image orthicon and the image orthicon tube types. 
Both of these tube types utilize multialkali 
(5-20) photocathode surfaces and a magnesium 
oxide target material. A wide target to mesh 

spacing reduces capacitance between target and 
mesh and provides a greater signal voltage for a 
given amount of charge on the target at low-light 
levels. 

E = 6 TL Tf 
41~1 + m)2 

J = '/NO OF LENS 

m = MAGNIFICATION 

TL= LENS TRANSMISSION 

TF= FILTER TRANSMISSION 

The following tube factors were measured: 
Intensifier electron gain. 
Transfer characteristics. 
Signal-to-noise ratio. 
Aperture response (Ne). 
Static limiting resolution. 
Dynamic limiting resolution. 
Rise and decay time response. 

Experimental Setup 

The test facility shown schematically in figure 
13-1 was used to provide controlled and carefully 

E (PHOTOCATHODE 
ILLUMINATION) 

MOTOR DRIVEN 
RESOLUTION 
PATTERN. 

RISE 8 
.-------,/---+---, DECAY TIME 

IIIIIII 
(I) RISE 8 DECAY. 

SAMPLING 
APERTURE. 

- MODULATION 
SAMPLING SLIT. 

(2)SYSTEM RESOLUTION 8 MODULATION. 

MONITORED ] 
AMPLING SLIT. 

SIN MEASUREMENT 

TUBE RESOLUTION 
MONlTOR DISPLAY LINE SELECTOR MEASUREMENTS 

FIGURE 13-1.-Experimental setup. 
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measured photocathode highlight illumination 
through the range of 10-1 to 10-8 foot-candles. 
This range of photocathode illumination is 
Hufficient to simulate all nighttime scene brightness 
conditions. All of these measurements were 
made using light of 2,870° K color temperature. 
The tubes were evaluated using highlight photo
cathode illumination rather than scene highlight 
brightness. The television camera is a standard 
RCA TK-31A field eamera system, modified by 
using a low noise video preamplifier. The pre
amplifier noise is equivalent to 3 X 10-9 amperes 
rms noise through the 18-kilohm load resistor. 
A conventional 525-line picture, 30 frames and 
60 fields per second was used in taking the data. 
The bandpass of the video amplifier chain is 6 
megacycles. The pickup tube was operated at 
temperatures equal to or slightly above ambient 
for the room. 

Intensifier Electron Gain l\leasurements 

Figure 13-2 shows the intensifier section gain 
as a function of accelerating voltage. Electron 
gain is defined as the current emitted from the 
second photocathode divided by the current 
emitted from the first photocathode. The second 
photocathode current was carefully measured by 
means of an electrometer inserted in series with 
the second photocathode. The primary photo
cathode current was calculated from a known light 
flux falling on the photocathode surface. The 
ratio was thus determined after the dark current 
was subtracted from the readings. A theoretical 
maximum gain of about 90 is possible in the 
intensifier section of these tubes. Gains of 60 have 
been achieved as is shown by the curve of figure 
13-2. 

70 

00 1_- r -IMAGEI,TENSlf". ORT"",o.1 

~ ~ ~ ~- -. ,. --r 
- ~ -- ~ - ~-

j , I 
I j----t--, ---r 

i 1--1--
J ' 

I + 
10 

" KILOVOLTS 

~- F I 

=- __ ·t 
.0 ,. 

FH;VRE 13-2.-Intensifier stage electron gain vers"s 
voltage. 

86 

Transfer Characteristics 

The transfer characteristics for the two tube 
types are shown in figure 13-3. TheRe measure
ments were taken using a line-selecting oscillo
scope so as to see only one scan line of information 
in each frame time. A signal was taken directly 
from the output of the image orthicon tube and 
fed into a sensitive preamp of an oscilloscope. 
The voltage step generated by the oscilloscope 
was used to calculate the image orthicon output 
current on the basis of the load resistor used by 
the image orthicon camera. 

The two types of tubes evaluated produce 
curves of similar slopes, neither posseRsing a defi. 
nite knee. The curves are separated by a factor 
of about 10. 

Signal-to-Noise Ratio Measurements 

A Tektronic type 545 oscilloscope connected as 
a line-selecting oscilloscope was used to measure 
the signal-to-noise ratio. A black to white tran· 
sition for a single line taken from the TV picture 
was displayed on the oscilloscope. The peak sig
nal was taken as the black to white amplitude 
~ ith the noise averaged out. The noise was 
measured in the black region since the noise con
tent is greater here than in the white regions. A 
photomultiplier tube with a horizontal slit I centi. 
meter in length and about 0.002 inch in width 
accepts focused light from the oscilloscope pattern 
as thi!; slit is moved in the vertical direction. 
The maximum and the 0.6 amplitude points are 
noted on a meter meaRuring the photomultiplier 
tube output current. One-half the displacement 
of the 0.6 vahle was taken as the noise level. Fig
ure 13-4 shows a unity signal to noise ratio for 
the intensifier orthicon at about 10-7 ft.-c. photo. 
cathode illumination and unity signal-to-noise 
ratio at 7 X 10-6 photocathode illumination for the 
high-gain target image orthicon. 

Aperture Response 

The aperture response was measured using a 
set of vertical bar patterns of various line num
bers per inch. The amplitude response for each 
line number was recorded from an oscilloscope 
choo;;ing as unity amplitude a low line number reo 
sponse. These values were squared and a curve 
plotted for aperture response. 

The area included under this aperture response 
curve was taken as the value for the equivalent 
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line number (Ne) 1 in TV lines for the system. 
For a standard (5820) type image orthicon, a (Ne) 
value of 230 is typical when the tube is operated 
near the knee of its characteristic curve. The 
values for the two types of tubes evaluated are 
shown in the table below for several levels of 
photocathode illumination. 

Equivalent line Number Ne, TV lines, at each photocathode 
illumination in foot-candles 

Tube 2 X 10-51 2 X 10-6 2 X 10-7 2 X 10-8 

--~------I------------

Image intensifier orthi-
con ............... . 

Image orthicon with. 
high-gain target ..... j 95 

135 

90 

Static Limiting Resolution 

125 73 

Static 1imiting resolution is taken as the highest 
TV line number that can be resolved while viewing 
the kinescope. This was done throughout the 
range of photocathode iIluminati.on levels under 
which the tubes are operated. Standard RETMA 
patterns and bar patterns were used for these 
measurements. These tubes possess very good 
sensitivity as shown in figure 13-5 at low light 

levels. The intensifier image orthicon can resolve 
200 TV lines at about 4XI0-8 ft-c. photocathode 
illumination, while the image orthicon with the 
high-gain target can resolve 200 TV lines at about 
4X 10-7 ft-c. photocathode illumination. The 
intensifier image orthicon is about 10 times more 
sensitive than the image orthicon with the high
gain target for the same TV Hne number. 

Dynamic Limiting Resolution 

For measuring limiting dynamic resolution, a 
mechanism was used which moved bar patterns 
of varying line numbers per inch across the field 
of view of the TV camera in various periods of 
time. A human observer at the kinescope deter
mined which line number he was able to resolve 
for these conditions. This TF line number was 
taken as the limiting resolution for the specified 
time; e.g., the time required for a point to traverse 
the photocathode in the horizontal dimension. 
In figure 13-6 it should be noted that the intensi
fier image orthicon is about 100 times more 
sensitive than the image orthicon with the high
gain target under conditions of a moving scene. 
It ohould also be pointed out that these tubes 
require from 10 to 100 times more light to resolve 
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FrGURE 13-4.-Signal to noise versus PC illumination. 

the same TV line number as under static condi
tions. 

Rise and Decay Tillle Characteristics 

Another approach to measuring dynamic limit
ing resolution is to measure the rise and decay of 
a spot of light falling on the photocathode, e.g. 
the system response to a step function input. 
Here the camera was focused on a spot of light 
}~ inch in diameter. The television system was 
then adjusted for optimum operating conditions. 
A photomultiplier tube was presented this spot
of light from a kinescope. The output from the 
photomultiplier tube was displayed on an oscil
loscope and the time measured for this spot of 
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light to go from a zero level to its maximum am
plitude when the light source was chopped by a 
camera mechanism equipped with focal plane 
shutter. The time required for the spot to dis
appear from the kinescope was also noted. This 
data appears in the table below. No attempt hall 
been made to correlate this information to 
dynamic resolution. This approach seems the 
most logical method whereby dynamic reBolution 
may be measured. Note from the table that if a 
rise, decay sum is taken for each tube type at 
their lower operating limit a difference of a factor 
of 100 appears in photocathode illumination. 
This is the f'ame difference as appeared in the 
dynamic resolution curves. 



Ri.~e and (lecay characteristics for intensifier orthicon and 
high-gain target orthicon using ~~-inch spot size 

Light level 
PC ft.-c. 

1.1 X 10-4 •••••• , , , 

S.7XIO-~ .. , ... " , 
1.4XIO-~ .. , ... ,. , 

4.IXIO-6 ...... , .. 
6.9X 10-6 ...... ' .. 
3.6XIO-8 .... ,., .. 
S.IXIO-7 .... , .... 
1.3X 10-7 ........ , 

6.3XIO-8 ......... 

Rise 

Time Secs 
I.I.O. 1.0 

O.OS 
· OS 
· IS 

O. I 
· IS 
.3 

.1 

.2 

.2 

Decay 

Time Sees 
I.I.O. 1.0 

O. IS 
.2S 
.2S 

O. IS 
.30 
.40 

.2 

.2 

.3 

Comparison of Ideal and A vailahle 
Performance of Pickup Devices 

Ideal performance of any type of picture 
pickup device is performance limited only by the 
finite number of available light quanta. Fluc
tuations in the number of photons received from 
the scene being viewed constitute a fundamental 
noise limit to the information available from the 
scene. Rose 2 has derived a relationship for 
the ideal performance of any picture pickup de
vice, using as a test object, a dark square on a 
lighter background. TTere an attempt is made 
(see fig. 13-7) to compare the performance of the 
intensifier image orthicon with the ideal per
formance for a pickup device. Certain arbitrary 
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values must be selected for Rose's relationship. 
The two values most in question are threshold 
signal-to-noise ratio and integration time. The 
values used are shown below. This relationship 
was converted at thi,; laboratory to a form more 
suitable for u"e with image orthicon tubes using 
geometrical optics and assuming a 4 by 3 picture 
aspect ratio. 

E= photocathode illumination due to background 
illumination in ft.-c. 

90 

k=threshold signal to noise ratio = 1.2. 
e=electron charge, coulombs. 
R= limiting resolution, the number of square8 

which can just be detected against the 
background which will fit in the picture 
height. 

C=contrast. 
A = primary photocathode picture area in square 

feet. 

t=exposure time or integration time=% s{'c. 

5= primary photocathode sensitivity, amperes/ 
lumen (white light) = 150X 10-6 A/lumen. 
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Conclusion 

In conclusion, it is pointed out that these 
pickup tubes are quite sensitive when looking at a 
static scene. The photon noise limitation is 
being approached at low light levels. However, 
for moving scenes these tubes suffer considerably . 
A small amount of motion of the scene seems to 
require that the light level be from 10 to 100 times 
greater for the same resolution as under static 
conditions. This condition is very serious in 
both tube types and more pronounced in the image 
orthicon with the high-gain target. Pickup 
tubes for low light level operation, with the ability 
to resolve moving scenes, are needed in order to 
provide the military with remote-,oiewing sys
tems needed in many applications. 

FH:tTRE 13-7.-Theol·etif'al limiting resollltion squares of 
yariou~ rontraRI. 
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Discussion 

R. IT. HARDIE: What iA meant by 100 percent contrast? 
J. S. PARTO:-;: A 100-percent contrast, as referred to here, is for a ratio of the brightness in the 

white area to the brightness in the black area of 100 to 1. For all practical purposes this is considered 
to be 100 percent contrast. 

J. WA.TERS: ~That is meant by your statement that a single-stage intensifier orthicon is almost 
cathode noise limited? 

J. S. PARTO~: If we look at the curves shown in figure 13-6, we see the theoretical curves for an 
ideal pickup tube plotted from work done by Rose. 2 If we superimpose a limiting resolution curve of 
the image intensifier orthicon tube, we find at a photocathode illumination level of 10-8 ft.-c. and a 
scene contrast of 100 percent, we are very near this theoretical limit. 

C. D. SALZBERG: Can some of the degradation of limiting resolution with moving targets be 
attributed to the observer, or is it solely a deficiency in the tubes? 

J. S. PARTON: If we look at the curves shown in figure 13-5, we see that the tines shown for a spot 
of light to move acros>' the photocathode are quite long. In this experimental setup, a lO-inch monitor 
was used which gave the observer ample time to determine what line number he had resolved. The 
observer could repeal the test as often as was required to make a decision. The degradation of resolution 
is a loss in the pickup tube rather than an observer limitation. 

F. B. l\L-\RSRUL: Did you say 10-8 foot-candles to the photocathode occurs for typical nighttime 
illumination? 

J. S. PARTO"i: Typical nighttime illumination levels vary from 10-2 to 10-5 foot-candles on the 
ground. Due to the reflectance of the scene and lens transmission, the photocathode illumination is 
between the value of 10-7 and 10-8 foot-candles. 
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14. GAIN AND RESOLUTION OF FIBER OPTIC INTENSIFIER 

PAUL J. DOLON and WILFRID F. NIKLAS, The Rauland Corp., subsidiary oj Zenith Radio Corp. 

Introduction 

High-gain, photoelectronic image intensification 
is applied under conditions of low incident light 
levels whenever the integration time required by 
a sensor or recording instrument exceeds the 
limits of practicability. Examples of such situa
tions are (aerial) night reconnaissance,! the re
cording of radioactive tracers in live body tissues,2 
special radiography in medical 3 or industrial 
applications,4 track recording of high energy 
particles,5 etc. 

High -gain, photoelectronic image intensification 
may be achieved by several methods; some of 
these a re listed below: 

(a) Cascading single stages by coupling 
lens systems, 

(b) Channel-type, secondary emission 
image intensifier, 

(c) Image intensifier based upon the "multi
pactor" principle, 
(d) Transmission secondary electron multi

plication image intensifiers (TSEM tubes), 
(e) Cascading of single stages, enclosed in 

one common envelope. 
Cascading single stages by coupling lens systems 

is rather inefficient as the lens systems limit the 
obtainable gain quite severely. Channel-type 
image intensifiers 6 are capable of achieving high
gain values; suffer, however, from an inherently 
low resolution. Image intensifiers based upon the 
multipactor principle 7 appear to hold promise as 
far as obtainable resolution is concerned. How
ever, the unavoidable low-duty cycle restricts the 
effective gain. TSEM tubes have been con
structed showing high gain and resolution.89 

However, electrostatic focus, important for many 
applications, has not been realized for these de
vices. Resolution limitations with ele('trostatic 
focus might be anticipated due to chromatic 
aberrations.lO Furthermore, the thin film dynodes 
appear to have a natural diameter limitation 
wherever a mesh support cannot be tolerated. 

Cascaded single stages enclosed by a common 
em'elope have been constructed with high gain and 
high resolution. II 12 These tubes may differ both 
in the choice of the electron optical system and 
in the design of the coupling members. The 
electron optical system may be either a magnetic 
or electrostatic one. The magnification may be 
smaller, equal, or larger than unity. 

An electrostatic system suffers generally from 
image plane curvature leading to defocusing in the 
peripheral image region if a flat viewing screen 
(or interstage coupler) is utilized, while a magnetic 
system requires accurate adjustment of the 
solenoid, which is heavy and bulky. As it will be 
discussed later, peripheral defocusing can be im
proved on by utilizing curved fiber couplers. It 
should he noted, however, that the paraxial resolu
tion is quite similar for both electron optical 
systems. 

It is felt that fiber-coupled double- (and multi-) 
stage image intensifiers will gain considerable 
importance in the future. Therefore, we shall 
consider in this paper the theoretical gain and 
resolution capabilities of such tubes. The 
luminous efficiency and resolution of single stages, 
fiber couplers, and finally of the composite tube 
will be computed. 

It will be "hown theoretically that the high 
image intensification obtainable with such a tube 
and contact photography permits the ·iltilization 
of extremely low incident light levels. The effect 
of device and quantum noise, associated with sllch 
low input leycl", will be described. 

After these theoretical considerations, con
structional details of a fiber-coupled, double-stage 
X-ray image intensifier will he discussed. Meas
ured performance characteristics for this experi

mental tube will be listed. 
The condusion shall be reached that fiber

coupled, double-stage tubes represent a sensible 
and practi('al approa('h to high-gain image 

intensification. 
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Basic Design of a Fiber-Coupled, 

Double-Stage Image Intensifier 

The tube design which forms the basis of the 
theoretical discussion shall be described now. 
The electron optical system (see fig. 14-1) is 
based in principle on the focusing action of 
concentric spherical cathode and anode surfaces.u 
The inner [anode) sphere is pierced, elongated into 
a cup, and terminated by the phosphor screen. 
The photoelectrons emitted from a circular 
segment of the cathode sphere are focused by the 
positive lens action of the two concentric spheres, 
pass through the [negative] lens formed by the 
anode aperture, and impinge upon the cathodo
luminescent viewing screen, The cylindrical 
focusing electrode permits adjustment of the 
positive lens part by varying the focusing 
potential. The anode potential codetermines the 
gain, G, and magnification, AJ, of the stage. 

Both the photocathode and the image plane 
of !Such an electrode configuration are curved 
concave as seen from the anode aperture. The 
field-flattening property of the biconcave fiber 
coupler can be utiJized to alleviate the peripheral 
resolution 10SBes resulting with a flat phosphor
screen or coupling member. For the same reason, 
the output fiber plate is planoconcave, its exposed 
flat side permitting contact photography if a 
permanent record is desired. As it will be shown 
later, the field·fla ttening properties of the inter
stage and output fiber coupler comprise indeed 
the main advantage of such a design. 

The second photocathode and both phosphor 
surfaces are deposited on the fiber plate substrates. 
The photocathode sensitivities S, phosphor 
efficiencies P, and anode potentials V of the 
individual stages shall be distinguished by means 
of subscripts I and II in the text, where required. 
Both stages are assmned to have unity magnifica-

. tion. 

Theoretical Discussion of Flux Gain 

Flux Gain of a Single Stage 

The luminous gain of a single stage 14 with 
M=l (flux gain) is, to a first approximation, 
given by the product of the photocathode sensi. 
tivity S (amp/lumen), the anode potential V 
(volts), and the phosphor conversion efficiency 

. P (lumen/watt). In general, P is a function of 
V and the current density,IS but it shall here be 
assumed as a constant. 
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The luminous efficiency SLCX) == SL of a photo. 
cathode depends on the maximum radiant sensi
tivity s~ax and on the spectral distribution of 
the incident light E(X) == E by the relation: * 

SL[amp/lumen]=S:IlX[amp/watt]X68{J.i~~dA 
(1) 

where 

S== SeA) normalized radiant photocath
ode sensitivity. 

V == V(A) standard visibility function. 
The luminous flux gain of a single stage is given by: 

Gdlumen/lumenJ s:ax f ESdX XVXP (2) 
680fEVdX 

If the input light distribution falls beyond the 
visible range, GL = <Xl as expected, since f EV dA=O. 
Such cases are not considered here. 

Efficiency of Fiber Couplers 

The efficiency of fiber optics plates depends on 
four factors: 16 17 

(a) numerical aperture (N.A.). 
(b) end (Fresnel reflection) losses (R). 
(c) intemallosses (LL.). 
Cd) packing efficiency (F.R.). 

The numerical aperture of the fibers is given by: * * 

where 

Q!tn=maximum acceptance angle. 
nc= index of refraction of core glass. 
nJ=index of refraction of cladding. 

The angle Q!t
n is measured in the medium of 

index no. Settled phosphors, as generally used in 
image intensifiers, have low optical contact with 
the substrate surface,16 hence no= 1 shall be 
assumed. The numerical aperture should be in 
general close to unity. This condition can be 
satisfied, e.g., with nj= 1.50andnt = 1.76 or equiva
lent glass combinations. 

*The derivation of this equation is contained in the 
appendix. 

"The discussion of the numerical aperture and fiber 
efficiency is restricted to meridional rays only. A more 
comprehensive iheory, taking also skew.rays into account, 
has been worked out by R. Potter. 18 
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FIGURE 14-1.-Schematic cross section of the theoretically 
discussed double stage tube. 

A sufficiently good approximation for deter
mining the end reflection losses R can be obtained 
from the angle independent Fresnel formula: 

R=(nc-no)2/(nc+no)2 (4) 

For phosphor to fiber and fiber to air surfaces, and 
assuming nc= 1. 76, we obtain R= 7.5 percent. 
This value may be reduced to 4.6 percent by 
means of a (very thin) glass layer of index 1.5. 
Hence, the (1-R) factor for the output fiber 
coupler is 0.9542=0.91. 

As the index of refraction of photosensitive 
surfaces of the Sbes-type 19 lies around 2, the 
Fresnel losses at the fiber-photocathode interface 
are about 0.5 percent and the (1- R) factor for the 
interstage coupler is 0.95. It might be anticipated 
that multiple coatings will reduce end reflection 
losses even further. 

The internal losses are due to absorption and 
the small but finite losses suffered in the numerous 
internal reflections due to deviations from the 
prescribed, cylindrical fiber cross-section and 
minute imperfections of the core-jacket interface. 
These losses depend on fiber diameter and length, 
absorption coefficient, the mean value of the loss 
per internal reflection and last but not least, on 
the angular distribution of the incident light. 
Explicit expressions (integral averages) are given 
in the literatureY Lacking reliable data for some 
of the variables, we are relying on experimental 
data of about 20 percent internal losses for X-inch 
long, small (5-10~) diameter fibers. 2O This rela
tively high value is probably due to the small 
fiber diameters increasing the number of internal 
reflections. Since we are considering here rela
tively small diameter (1-1.5 inches) fiber plates, 
their average thickness can be kept below ~~ 

inch and their internal losses may be assumed as 
15 percent (per plate). 

The packing efficiency, F.R., of fiber plates 
did not receive much attention in the literature, 

probably as it is high for the larger fibers 
generally used, until rather recently. For circu
lar fibers in a closely packed hexagonal array, 
the packing efficiency is given by: 

F.R. =0.906(d/D)2 (5) 

where 
d= fiber core diameter 

D=center-to-center spacing of fibers, and 
0.906 is the ratio of the area of a circle to 
that of the circumscribed hexagon. For 
the small diameter fibers now technically 
feasible and required for about 100 lp/mm 
resolulion, D= 6,u. The cladding thick
ness is about 0.5~, hence, d=5,u and 
F.R.=0.63. 

Thus, the efficiency l' for each of the two fiber 
couplers is given by-

N.A.X(l-R)X (l-I.L.)XF.R. 
1'( i nterstaKe) 1 0.95 0.85 0.63=0.51 
T(outvut,) 1 .91 .85.63= .49 

or approximately 50 percent each. 
It must be remembered that the fiber plates 

replace a glass window and a (mica) membrane, 
in addition to an optical output lens system. 
The efficiency 1'1 of an f/llens at the magnification 
m=l is: 

0.8 
0.05 

Neglecting absorption, the end losses of the 
coupling membrane and the output window 
(n= 1.5) would be 6 percent and 8 percent. Thus, 
the combined efficiency of the elements replaced 
by the two fiber plates (with a combined efficiency 
of 0.25) is 0.043 or about six times less than that oj 
the two fiber plates. 

Gain of Fiber Coupled Image Intensifiers 

Including the brightness gain 1/]\f2 due to the 
l~12 area demagnification, the overall gain of a 
fiber coupled double stage image intensifier is: 

(8:" fESdX ) 
GL = 680fEVdX VP rXT\. st. 

(
smaxfESdX ) 

X 6~OfEVdA VP IIXToutpXl/M2 (6) 

It is obvious that the careful choice of photo
cathode which maximizes s:ax f ESdX for a given 
input E (in the case of the second stage, for the 
first phosphor screen emission) is very important. * 

*See also the appendix. 
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The same considerations should govern' the choice 
of the second-stage phosphor screen for matching 
with the spectral sensitivity of the ultimate 
sensor (e.g., photographic emulsion). 

We have evaluated the "matching integrals" 
for two types of photocathodes (S-l1 and S-20) 
and three types of light input. The input light 
distributions considered are P-11 and P-20 
phosphor emission and the so-called "night light" 
(N.L.) as given by II. W. Babcock and J. J. 
Johnson.21 The integrals (in ..\ units) are listed 
in table 14-1 below: 

TABLE 14-1 

P-ll P-20 N.L. 

fEVd>.. 166 821 548 
fESlld>.. 830 354 511 
fES 2oti>" 800 600 750 

The luminous gain of the discussed tube was 
calculated from Eq. (6) for the 16 possible com
binations of S-ll and S-20 photocathodes and 
P-ll and P-20 phosphor screens, for night light 
and P-20 light input. (The P-20 input is of 
interest because it corresponds roughly to the light 
emission of conventional X-ray fluorescent screens.) 
The following efficiencies obtained from JEDEC 
and RCA Rpecifications were used: 

S;;;=50 m amp/watt 

S:;~=64 m amp/watt 

P lI=36 lumcn/ 
watt (alumi
nized) 

P 20 =62 lumen/ 
watt (alumi
nized) 

The following table (14-11) lists the (luminous) 
gain values computed according to Eq. (6) 
with V1=V2=20 KV, M=l: 

TABLE 14-11 
------Input light ~age 

I Stage _____ S2Q-Pll S2Q-P20 SII-PH -8 
N.L ...................... Soo-Pll 
P20 ....................... S,o-Pll 

N.L ...................... S2Q-P20 
P20 ....................... S2Q-P22 

N.L ...................... SII-PH 
P20 ....................... SII-PH 

N.L ...................... Su-P20 
P20 ....................... SII-P20 

Theoretical Discussion of Paraxial Device 
Resolution 

Resolution Limitations in a Single Stage 

The resolution limitations for a single stage are 
given by the inherent resolution of the electron 
optical system as well as the resolution capabilities 
of the cathodoluminescent viewing screen. 

The resolution cap<Jbilities of an electrostatic 
system depend on both the choice of magnification 
and chromatic aberrations. It has been stated 
previously 10 that a minifying electrostatic system 
yields a lower resolution than a magnifying sys
tem or a system with unity magnification. 

Furthermore, the chrOIn~tic aberrations depend 
on the chosen high voltage. In general, a high 
anode voltage reduces chromatic aberrations and 
thus increases the obtainable resolution. 13 
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5760 9800 4630 8000 I 
3080 5200 2500 4250 

1520 2600 680 1160 
800 1400 360 640 

3040 5200 2440 4200 
2360 4000 1800 3260 

800 1400 

I 
360 640 

640 1080 280 480 

The possibility of a space charge blowup of the 
screen crossover of the elementary electron 
bundles has also been pointed out.22 It is obvious 
that such an influence can only be e~pected in 
the final stage of an image intensifier at rather 
high output levels. Space charge influences will 
also decrease at increased voltages. 

Electrostatic systems of the pseudo-symmetric 
type have been .tested for resolution capabilities 
by applying electronography.23 24 A resolution 
of 70-80 line-pairs pel' millimeter appears to be 
feasible. 

The inherent resolution of a cathodoluminescent 
phosphor screen decreases with increasingly ag
gregate thickness (with increasing anode voltage), 
decreases with decreasing porosity (thus the ad
vantage of cathodophoretic phosphor deposition) 
and might be impaired by tQ~ normally used 



aluminum mirror. Thus, in general, elementary 
light optical effects, light scatter, and electron 
scatter determine the ohtainable resolution limit. 
It should be noted that photoluminescence, due 
to "Bremsstrahlung" generated within the view
ing screen by electron impact, appears to be im
portant only if anode voltages in excess of 30 
KV are utilized. It has been stated that settled 
cathodoluminescent phosphor screens may have 
a limiting resolution of 60 Ip/mm25 26 at high volt
age values of approximately 20 KV. For the fur
iher discussion, we shall thus assume an electron 
optical resolution of 80 Ip/mm and phosphor 
screen resolution of 60 Ip/mm. 

ResQlution Capability of Fiber Couplers 

The major factor influencing the obtainable 
fiber coupler resolution is the center-to-center 
spacing D. Since fibers are arranged in a closely 
packed array, the closest line separation is the 
hei~ht of the equilateral triangle with sides D, or 
·,/0.75 D. Thus (with D in microns), the resolu
tion is in (line pairs per mm) 578/D. The require
ment of 100 Ip/mm resolution is satisfied with 
D=6/l. As it will be shown later, this high-reso
lution value is required to avoid limiting the 
overall resolution by the coupler resolution. 

It must be appreciated that the fiber spacing 
is a correct measure of the resolution only if the 
object-fiber distance is less or equal to D. The 
resolution of the fiber plate deteriorates rapidly 
if this condition is not fulfilled. Irregularities of 
the fiber array may lower the resolution locally. 27 

Due to the high numerical aperture of the fiber 
couplers, only a very small fraction of the light 
escapes from one fiber into another, and only a 
small fraction of this amount reaches the output, 
hence crosstalk should not influence the resolution 
of the fiber plates appreciably. 

Overall Resolution of Cascaded Resolution 
Transducers 

The overall resolution of a device containing 
several resolution-limitin~ components can be 
estimated assuming each individual resolution 
value is given by a square wave response. 

Assume the 11 resolution limiting components 
have resolution capabilities of 11 (lp/mm) and cor
responding image elements Cij= X112(mm2). Be
cause of their random coupling (assuming the 
worst possible case), the upper limit ofthe effective 
. I n Image e ement area A is Amax=~Cij. This corre-

I 

sponds to a lower limit for the effective resolution 
n 

(overall resolution) of Rmln=(~1/112)1/2. With 
I 

perfect couplinl!:' Am In is given by the largest indi
vidual Cil and Rmax by the corresponding lowest 11 
value. 

For the tube under consideration, the resolu
tion-limiting components are the electron optics 
(its limiting resolution assumed as 80 lp/mm per 
stage), the settled phosphor screens (60 Ip/mm 
each), and the two flber couplers (100 lp/mm 
each). The resulting effective minimum resolu
tion is 32 Ip/mm. Without the fiber plates, the 
minimum resolution were 34 Ip/mm (48 Ip/mm 
per stage); hence the fiber couplers are not seri
ously impairing the obtainable resolution. 

In the case of glass- or mica-couplers (with 
n= 1.5), the phosphor emission (in a medium 
with no= 1) propagates in a core of half angle 42° 
(sin- I 1/1.5=42°). Thus, spreading of a light 
spot through the coupler equals roughly twice 
the thickness of the membrane. The resolution 
of the (60 Ip/mm) phosphor screen would be 
reduced to 28 lp/mm if a membrane thickness of 
5JL is assumed. A simple output window would 
be used together with a lens system to couple to 
the ultimate sensor; hence its effect on the resolu-

, tion is _negligibly small. As the minimum resolu
tion on the output phosphor screen is 23 Ip/mm, 
and as the resolution of a coupling lens system is 
essentially better than that, 23 Ip/mm is also the 
(minimum) resolution at the ultimate sensor. 

The efficiency and (paraxial) resolution charac
teristics of four possible coupler combinations can 
now be compared: 

TABLE 14-III 

Par-
C0'fller axial 

Interstage Output e - resolu-
coupler coupler ciency tion 

{per- (mini-
cent) mum) 

(lp/mm) 

Mica sheet ... glass window 
and lens. 

4 23 

Fiber plate ... .... . do ......... 2 32 
Mica sheet ... Fiber plate ..... 45 23 
Fiber plate ... .... . do ......... 25 31 

It should be noted that the peripheral resolution 
may be expected to be about the same with fiber 
interstage coupler (due to its field flattening 
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properties), but will be essentially lower with the 
plano-parallel mica sheet. 

Device and QuantuID Noise Limitations 

Device Noise 

The vacuum photoeJectronic image intensifier 
is a relatively low noise device. Sources of noise 
in the device are-

(a) Field emission from the photocathode 
or from other tube components; 

(b) Ion bombardment induced secondary 
electron emmission from the photocathode; 

(c) "Bremsstrahlung," giving cause to 
spurious fluorescence and photoelectron 
emission; 

(d) Thermionic emISSIOn from -the photo
cathode. 

Spurious electrons created by any of these 
processes may either reach the phosphor screen 
and contribute directly to the noise level, or they 
may create luminescence from the glass of the 
tube envelope, thus causing spurious photoemis
sion from the cathode. The first three sources of 
noise may be sufficiently reduced or fully elimi
nated by careful design and processing of the 
tube. The thermionic emission contributes under 
such circumstances 60 to 75 percent of the device 
noise.3 It is about 80 to 100 electrons/cm2 sec 
for an S-ll photosurface (10- 17 A/cm2) and may be 
further suppressed by moderate (dry ice) cooling. 
However, 100 electrons/cmz sec thermionic emis
sion or even total device noise of 170 electrons/ 
cmz sec may be essentially less than the minimum 
input signal as limited by quantum nOIse 
considera tions. 

Quantum Noise 

An image intensifier .with luminous flux gain 
of 104 is able to utilize 10-6-10-7 ft.-c. sec. input 
exposure; e.g., for contact photography. At such 
low levels, the signal, as represented by the num
ber N of photoelectrons (minimum number of 
information carrying quanta or particles any
where in the device) emitted from one resolution 
element Ac of the photocathode during the expo
sure time t, may be rather low. Due to the ran
dom nature of photoemission, N contains a 
random error of .. .IN, leading to a signal-to-noise 
ratio {N. At N = k2 the signal is detectable above 
the noise with a probability expressed by the 
certainty coefficient k. k=3, e.g., corresponds to 

'The effect of any kind of II-stage noise on the output 
is quite negligible as compared to that of I-stage noise. 
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80 percent detection probably/a k=5 to 90 per
cent, etc. 

N may be calculated from the photocathode 
illumination L (given in ft-cs) and the quantum
efficiency of the photocathode SQ (given in elec
trons/photons) by the equation: 

N [plectron 1 = L [Iumen/ft2] X n/ L [phtton/sec] 
umen 

XSQ[electron/photonlXAc [ft2] 
=t [sec] (7) 

The lumen-to-photon/sec conversion factor niL 
and the photocathode quantum efficiency SQ 
depend on the incident light distribution E by 
relations derived in the Appendix. Using these 

1.076X I 0-5 

relations and expressing Ac 4 2 where 
rc 

rc (lp/mm) is the resolution at the photocathode, 
we obtain: 

N=2.47X 1010 Lt~':,"fESdA (8) 
rcfEVdA 

The minimum observable detail-contrast C is 
defined by the equation: 

(9) 

Combining Eq. (8) and Eq. (9) and assuming k=3, 
we obtain: 

n 0-5 I f EVd"h X rc (10) 
v=1.9XI X-v S,;;;axfESd"A .JLt 

Night light and S-ll photosurface yield: 

C=8.8X lO-sr./{Lt (lOa) 

Figure 14-2 shows C as function of the photo
cathode exposure Lt and parameter rc for night 
light and S-ll and S-20 photosurfaces. 

Design and Processing of a Two-Stage Fiber
Coupled X-Ray IIDage Intensifier 

Electron Optical Design 

Both stages of the fiber-coupled cascaded 
X-ray image intensifier utilize a pReudo-point 
sYlllmd.ric electrostatic system. The first stage 
utilizes an aspherical cathode substrate (the 
photocathode is formed in the shape of an ellips
oid of rotation), a cylindrical focusing electrode, 
and a bullet-shaped anode (fig. 14-3 and fig. 14-4). 
The high voltage anode is electrically connected 
to the low voltage focusing electrode by a semicon-
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FIGURE 14-2.-Detail-contrast and resolution ohtainable with 5-11 and 5-20 photosurfaces for night light. 

ductive wall c.oating yielding a n.onlinear axial 
p.otential gradient in the regiDn .of the anDde aper
ture lens and reducing device n.oise appreciably.30 

The secDnd stage utilizes a flat cathDde, a 
cylindrical focusing electrode, a bullet-shaped 
anDde, and again a semiconductive wall coating 
between fDcusing electrDde and anode. In ad
ditiDn, a spherical beam-former electrode at 
(secDnd stage) cathDde potential is applied as field 
flattening element. B.oth the first and the secDnd 
stages minify to alleviate the resDluti.on require
ments .on the first-stage ph.osphor screen.31 The 
tWD stages are cascaded by a flat fiber coupler. 

Fiber Coupler and Photocathode Processing 

The phDtDcath.ode .of the first stage is depDsited 
.on tDP .of an X-ray luminescent phDsphDr screen. 
The secDnd-stage phDtDcathDde is depDsited DntD 

a (flat) fiber cDupler, carrying .on the DppDsite 
side a settled phosphDr screen (viewing screen .of 
the first stage). 

The fiber cDupler efficiency was determined 
with 50 percent utilizing the light emission .of 
P-20 phDsphDr. * Single cladding fibers .of 22 
micrDns diameter were utilized. The plate di
ameter was 1.25 inches, the thickness three
sixteenths of an inch. The index .of refractiDn .of 
the CDre was 1.793 and .of the cladding 1.48, 
yielding a numerical aperture .of 1. 

S-ll phDtDcathDdes were used in bDth stages, 
applying external antimDny evapDrati.on. The 
primary cesiatiDns .of b.oth phDtDsurfaces were 
carried .out in sequence utilizing simultane.ous 

* As the fiber-coupler used was designed for application 
to I.R.-light, the (measured) efficiency for P-20 light was 
rather low. 
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FIGURE 14-3.-Design of fiber-coupled, two-stage, X-ray image intensifier. 

FIGURE 14-4.-Photograph of fiber-coupled, two-stage, 
X-ray image intensifier. 

monitoring. Both surfaces were overcesiated 
and oxidized simultaneously. The primary ccsi
ations of the first stage cathode did not yield 
photosensitivity in the second stage due to a 
rather complete vacuum separation between the 
two stages. As both stages wcre pumped through 
independent tubulations, simultaneous oxidations 
could be carried out. 

Perfonnance of a Cascaded Fiber-Coupled 
X-Ray Image Intensifier 

The experimental results obtained with the 
X-ray image intensifier discussed above and the 
measurement conditions are presented as follows: 

100 

1"0'01=62 KV ... 

V\=24 KV ..... . 

M,o'ol=1/17 .... . 
M\=I/7 ........ . 

M.=1/2.4 . ..... . 
Resolution (out

put) 10 Ip/mm. 
Resolution (input) 

#30 mesh. 

TABLE 14-IV 

Gain (reI. Patterson 
CB-2). 

Phosphor (viewing 
screens) efficiencies. 

Sensitivity first photo
cathode (5 11, P-20 
light). 

270,000. 

55 lumens/ 
watt. 

M !JAIL 

Sensitivity second 13 !JAIL 
photocathode (5 11, 
P-20 light).1 

Pickup diameter. . . . .. 22 em. 

Interstage fiber coupler 50 percent. 
efficiency (P-20 
light). 

I Below average due to difficulties encountered during 
processing of this individual tube (overeesiation at tubu
la tion tipoff). 

The above data would result in a calculated 
gain figure of 330,000 for the two voltage settings, 
or approximately 20 percent above the measured 
gain. The discrepancy, besides the inherent 
error of the theory and the accumulated errors 
of the sevcral measurements, is mostly caused by 
the fact that the second-stage phosphor efficiency, 
while comparable to that of the first-6tage phos
phor at equal watt inputs, was less than 55 



lumens/watt at the high watt input rating of 
the second stage (phosphor saturation). The 
output resolution is essentially limited by the 
phosphor resolution of approximately 20 Ip/mm 
(in both stages). 

The quoted phosphor screen resolution is a 
rather low figure, but may be explained by the 
relatively high phosphor layer thickness, neces
sitated by the high voltage utilized. 

For these computations,. an electron-optical 
resolution of 60 Ip/mm per stage has been assumed. 
It should be noted that the pickup screen-resolu
tion of approximately 4 Ip/mm (equivalent to 
approximately 70 Ip/mm considering the overall 
magnification of 1/17) is of the same order of 
magnitude as the electron-optical resolution. 

Conclusion 

Modern image intensifiers are capable of achiev
ing high-gain factors. The growing art of fiber 
optics offers the possibility of improved coupling 
between two or more of such tubes without exces
sive gain or resolution loss, such as potentially 
encountered with lens or membrane couplers. 

The theoretical gain of double-stage image in
tensifiers, depending upon the performance of the 
individual stages and the efficiency of the coupler, 
is computed in detail. It is shown that double
stage cascade image intensifiers with night-light 
input and S-20 photocathodes should be capable 
of reaching flux gain values around 10,000 on a 
photographic emulsion if fiber optics is used for 
interstage and output couplers. Utilizing a fiber 
output coupler may increase the output coupling 
efficiency by a factor 10, as compared with a 
conventional lens system. 

Resolution limits, as determined by the inherent 
phosphor-screen resolution, fiber diameter, etc., 
are described together with the consequences of 
random coupling of these resolution transducers. 
It is shown that a two-stage image intensifier with 

a fiber interstage coupler permits a theoretical 
overall resolution of 32 line-pairs per mm, while a 
5 /J. mica membrane should yield a resolution of 
only 23 line-pairs per mm. It is shown further 
that contact photography through an output 
fiber coupler yields a theoretical resolution of 23 
line-pairs per mm for a m~ca membrane as inter
stage coupler, and 31 line-pairs per mm for a fiber 
plate as interstage coupler. 

The design of a high-gain, double-stage X-ray 
:image intensifier is outlined, utilizing minifcation 
in both stages anJ fiber coupling between the 
stages. 

At an overall voltage of 62 KV and an overall 
magnification of 1/17, the double-stage fiber
coupled X-ray image intensifier yields a brightness 
gain of 2,7.105 (as compared with a Ilindard 
fluoroscopic screen), an output resolution of 10 
line:pairs per mm, and an input reeolution of a 
#30 mesh. 

Pertinent expressions determining the contrast/ 
detail reproducibility, as limited oy quantum 
noise, are derived. It is shown that high-gain 
image intensifiers are essentially limited by quan
tum noise. 

The conclusion appears permissible that fiber
coupled image intensifiers, each stage possibly 
being a self-contained vacuum vessel, might rep
resent the ultimate approach to achieving high 
gain consistent with high reliability. 

Appendix 

The sensitivities of photocathodes are published 
in terms of the maximum radiant sensitivity 
S:ax [amp/watt] and the normalized radiant sen
sitivity distribution S. Phosphor data are avail
able in terms of luminous efficiency PL {lumens/ 
watt] and phosphor emission spectral distributions 
p (normalized). Conversions of watt-Iumen
photon/sec quantities are based on the fo~owing 
equations: 

/

680 fEVdX 
L [lumen] fEd>.. W[watt]=n[photons!sec]·hc·fEdX/fEXdX (A/I) 

Raci'ant photocathode sensitivity S'" [amp/watt]=S:u ~~s: (A!2) 

Luminous photocathode sensitivity SL [ampflumen]=S::n'68{Ji~dX (A/3) 

. fESdX he 
Photocathode quantum effiCIency Sg [electron/photon] = S;:u. f ENi'A'e (A/4) 
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(A/5) Similarly: P w [watt/wattl=PLfpdX/680fp~TdX 

I 
Pq [photon/wattl=PL·680hc·fpXdX/ fpVdX (A/6) 

The (radiant, luminous, photon) flux gain of a single stage image intensifier is given by: 

Radiant: Ow [watt/watt)=S;:ax{ fESdX/ fEdx} ·V·Pd fpdX/680fpVdX} 

Luminous: OL [lumen/lumrn]=S;:"'{ fESdx/680fEVdX} .v,PL 

(Aj7) 

(A/8) 

. P 
Photon: Oq [photon/pboton)=S;:ax{ fESdXj fEXdX} .v·68~fpXdX/ fpVdX (A/g) 

Note, that if E=p (same input and output light 
distribution), we obtain: 

o -0 -0 S;:nVPL.fpSdX (A/I 0) 
w- L- Lw 680 fpVdX 

The product of n/ L.Sq= {s:a. /680 } . { f ESdXj 
f EV dx } .~ is used in calculating the photoelectron 
emission due to 1 ftc input iHumination. Con
version of S or G values for light distribution El 
to a light distribution E can be accomplished by 
the equations: 

Ow(E) S,iE) fESd>. fEldX 
Ow(E I ) Sw(EI )= fE1Sd>.· fEd>. 

(AjlI) 

(A/I2) 

(A/I3) 

For a given input E, the relative response of 
two photosurfaces Sa and Sb and hence Ga and 
Gb (regardless whether they are luminoUl" radiant 
or quantum figures) is: 

Sa S':,~~fESad>. 

Sb S':,~bfES~>. 
(A/I4) 

All integrals have to be evaluated between 0 and 
(Xl. For incandescent light and other wide band 
distributions, the possible filter effect of the input 
window must be accounted for. 
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Discussion 

R. G. STOUDENHEIMER: The gain of the two-stage intensifier should have been high enough to show 
very distinctly the scintilation of individual X-ray photons. Can you describe the appearance of these 
scintillations? 

W. F. NIKLAS: Quantum noise is already visible in X-ray image intensifiers having a brightness 
gain of approximately 1,000 relative to Patterson CB-2. It should be noted here that an X-ray image 
intensifier is capable of reproducing every X-ray quantum absorbed in the X-ray pickup screen, as each 
X-ray quantum releases approximately 1,500 "visible light" photons from the pickup screen. 

J. ·W. HICKS: Did you make any contrast measurements on calculations? 
W. F. NIKLAS: Unfortunately, no detailed contrast measurements were carried out on the double

stage fiber-coupled X-ray image intensifier. However, the large area contrast, determined by shielding 
one-half of the input screen, appears to be quite comparable to the large area contrast of a single stage. 

R. L. ZASTROW: A gain of 270.000 "relative to Patterson" was quoted. Could this definition of 
gain be clarified? 

W. F. KIKLAS: The gain of X-ray image intensifiers is conventionally determined by comparing the 
brightness (in foot.lambert) obtained on the final output screen of an X-ray image intensifier with the 
brightness of a Patterson CB-2 fluoroscopic screen (in foot.lambert), both the X-ray image intensifier 
and the fluoroscopic screen excited by sortlike X-radiation. 
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N. S. KAPANY: For your experimental model, did you use a fiber optics and window in addition to 
the single coupler plate? 

W. F. NIKLAS: Our experimental double stage X-ray image intensifier utilized a fiber interstage 
coupler and a clear output window. 
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15. COMPARISON OF THE MERITS OF IMAGE CONVERTERS 

WITH MAGNETIC AND WITH PROXIMITY FOCUSING 

G. PAPP, Components and Instrumentation Laboratory, ITT Laboratories 

Introduction 

In a recent paper I the resolution in a mag
netically focused image tube was evaluated. It is 
interesting to compare its results with the resolu
tion of the "proximity focusing," the imaging 
which exists in an image converter tube' with 
closely spaced photocathode and phosphor. 

It is interesting to see that while the error lll- is 
a second-order expression of the velocity ratio 
vo/va (where Vo is the initial velocity of the electron, 
Va, its velocity at the phosphor) in the magnetic 
case, it is a first-order expression with proximity 
focusing. 

If instead of velocities we use the energy expres
sions, i.e., the voltage equivalent of these veloci
ties, the blurring in the magnetically focused 
image tube is proportional * to vo/va and in the 
proximity focusing, to .JVo/Va. Since Vo is in the 
order of I volt, at Va=}O KV phosphor voltage 
the relative error, lll-/L, is by a factor of 100 
smaller in the magnetic case than with proximity 
focusing. 

Consequently, while proximity focusing is quite 
satisfactory in image converters with close spacing 
and high accelerating voltage for infrared or 
visible applications, the very same device is not 
satisfactory in the far ultraviolet, since Vo IS 

here one to two orders of magnitude larger. 

Detailed Discussion of the Proxim.ity and 
Magnetic Focusing 

In an image converter in which a photocathode 
and phosphor are closely spaced parallel planes, 
the image point of a point, P, on the photocathode 
is the point PI, where the electrons, leaving the 
cathode with zero initial radial velocity hit the 
phosphor. Electrons, with initial radial velocity 
VrO, end up in the vicinity of the image point at a 

*The proportionality factor is in both cases 2L, twice the 
distance between ca thode and phosphor, as shown below. 

distance tlr from Pl. The average value of tlr 
gives the" accuracy of the focusing," the reciprocal 
of which will be proportional to the resolution: 
R= I/ktlr where k is a factor in the order of I, the 
value of which is dependent upon the definition 
of resolution. In the present case k can be deter
mined easily for any well-formulated resolution 
definition. 

Since the closely spaced parallel plane arrange
ment produces a uniform homogeneoUl;; field 
between the cathode and the anode, the resolution 
is uniform along the whole image tube, except a 
peripheral section of width comparable to the 
cathode anode distance. 

A potential difference Va between the cathode 
and anode produces a homogeneous electric field 
of intensity 

E=_Va 
L 

(1) 

perpendicular to the cathode surface. In a polar 
coordinate system with origin at P and Z axis 
parallel to the fiel d intensity, the electrons are 
accelerated only in tbe Z direction, according to 
equation 

.. e Va 
Z=m'L (2) 

where -!.. is the specific charge of the electron, m 

-1.759·IO" coul/kg, Va is the potential of the 
anode in volts (VeathOde=O), L is the cathode-anode 
dis tance, in meters. 

The trajectory of an electron (see Fig. IS-I) 
is described consequently by the equations 

r=Vrot (3) 

!p=!po (3a) 

+1 e Va 2 z=V t --- t 
to 2 m L (3b) 
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where v TO and. v •• are the initial radial and axial 
velocities, <Po the initial polar angle. 

V~O P(z;o,r;ol PHOTOCATHODE 

j vzo 

L 

D.r 

PI P' I PHOSPHOR 

FIGURE IS-I.-Electron trajectory in an image tube with 
proximity focusing. 

For z= L, equation (3h) gives the time of flight 

t 
-Vw +-JV;o+2 fii Va 

e Va 
mL 

(4) 

(4a) 

where Va is the end velocity of an electron starting 
with Vzo=O, 

v=-J2 e V a m a (4b) 

The error in focusing, ~r, is the r value of the 
point of impact, according to (3) 

2L VTO 
~r=v,ot~ -

Va 
(5) 

In the case of the magnetic focusing, with 
homogeneous magnetic field 

Bz=B (6) 

the electrons move along helical path with uniform 
angular velocity I 

w=eB/m (7) 

and complete a full revolution in a time 

T=27f/w=27rm/eB (7a) 

Adjusting the anode voltage Va and the 
magnetic field B so that 

to=2L/va=nT (8) 

where n, the order of the focusing, is an integer, 
the electrons with zero initial forward velocity 
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complete n. revolutions, and are sharply focused 
to Pl' 

Electrons with arhitrary initial forward velocity 
v •• have, according to (4a) a time of flight shorter 
hy 

2 L Vzo 
~t=t-to=- -.

va Va 

and arrive to the phosphor at a distance 

I I 2L Vzo V,O 
~r=VTO' ~t = - .

Va Va 

from the focal point Pl' 

Discussion of the Results 

(8a) 

(9) 

According to Eq.s (5) and (9), fu, the error of 
the imaging is a first order expression in vTo/va in 
the proximity focusing, a second order expression 
in the magnetic case. 

I{ we introduce the voltage equivalent of the 
initial radial velocity VTO' according to the equation 

Eq.s (5) and (9) can he expressed as 

and 

M=2L fV:"o "Va (5a) 

(9a) 

(Sa) is a very convenient expression for the 
error calculation. In a tube with photocathode 
to phosphor distance L= 1 mm, at an accelerating 
voltage Va=IO,OOO volts, the error is 

2 /0.1 1 
~r~ "104 mm~ 160 mm 

and the resolution around 160 line-pairs per mm, 
if we use the image converter in the near infrared 
region where Vo is in the order* of Ko volt. 

*According to the photoelectric equation Vo ;;;i0.2S volt 
for a light in the near infrared with 71.=9,000 A and a 
photocathode of threshold value 71. w=ll,OOO A. The 
corresponding relationship in an image converter designed 
for the far ultraviolet at 71.= 1,000 A and 71. w = 3,000 A is 
Vo ;;;i8.3 volts. These equations give only an upper limit 
for the initial energy Vo because a part oC the available 
energy is lost inside the photocathode. Since this is 
relatively more significant in the infrared case, we may 
estimate that the average initial energy is 50 to 100 times 
larger in the ultraviolet case than in the infrared. 



The same image converter in the far UV region, 
with Yo in the order of 5 volts, gives 

1 
Ilr",-mm 

22 

and a resolution of about R",22 line pairs per mm. 
The corresponding figures in the case of a 

magnetic tube with cathode-phosphor distance 
L=I"=25 mm are Ilr"'; 10-3 and 1 10-1 mm, 
and R '" 2,000 line-pairs per mm and 40 line pairs 
per mm. 

Statistical Evaluation 

Since the value of Ilr (which we now will call r 
for shortness) is proportional to 1"0' the statistics 
of v,o, gives at once arOlmd each image point Ph 
the current distrihution of the electrons, the 
brightness distribution of the phosphor, or the 
density distribution of a photographic plate. 

If we approximate the velocity distrihution of 
the initial electron velocities by a Maxwellian 
distribution, the v,o distribution will be 

(10) 

The current arriving onto the area of the ring 
between radii rand r+dr will be 

di=cf (vro) dvro (11) 

and the current density 

.() di cf(vro)dvro 
J r = dA= 27rTdr (12) 

where 
L 

(12a) r=2 - v,o 
Va 

The brightness distribution around each image 
point will be 

f(r)=A\.e _(~)2 (13) 

where 
L 

(13a) p=2-w 
Va 

The mean value of r, the radius of confusion, is 

Ilr= :f r.f(r)dr 

J f(r)dr 
(14) 

or 

(14a) 

636674 0-62-8 

If two points PI, P2 are at a distance S from 
each other, along the line P l P2 the brightness 
distrihution on the phosphor will be 

b(x)=Al (e- x2 +e- (x-8)2) , (15) 

where x=r!p and s=s!p. r is counted from the 
point Pl' The curves, for different values of s are 
given on figure 15-2, drawn for the value A l =2/Vr;. 
The position of point P2 is marked by a small 
arrow on each curve. 

From the figure it can be seen that for s-values 
<1.4 a maximum appears at x=! s; the two dots 
are not resolved. 

For s>1.4 values a local minimum appears at 
x= ~ s, the two dots can be distinguished. The 
values of the maxima and minima as well as the 
percentage modulation of the brightness are 
given on Table IS-I. 

TABLE 15-1 

Brightness Distribution in the Case 
Spaced Points 

of 2 Closely 

s b(O) bro •• b(! s) Percent 
modulation 

0.0 2.256 same same 
.2 2.212 2.234 same 
.4 2.089 2. 168 same 
.6 1. 915 2.062 same 
.8 1.723 1. 922 same 

1.0 1.543 1. 758 same 
1.2 1. 395 1.574 same 
1.4 1. 787 1. 382 same 

---
1.6 1. 215 1. 243 1.190 4.25 
1.8 1. 172 1.179 1. 004 14.8 
2. 1. 148 same .830 28.7 
2.2 1. 137 same .672 40.8 
2.4 1. 132 same .534 52.8 
2.6 1. 129 same .416 63.0 
2.8 1. 128 same .318 71. 8 

If 20 percent brightness drop between the two 
points is defined as the criterion for the resolution 
ofthe two separate points, this can be achieved hy 
a spacing: 

or 

1l=~=1.9 
p 

s=1.9p=1.9.J; ./lr 

The resolution is consequently 

R=lmm= Imm 
8 3.3Mr 

line pairs per millimeter. 

(16) 

(16a) 

(17) 
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FIGURE 15-2.-Brightness distribution in the Cl1se of two closely spaced points, PI and P 2• 

The same is the result in the case of two paral1el, 
infinitely thin, equal1y bright lines. This is 
evident at once if we write the initial velocity 
distribution in a rectangular coordinate system 
with x axis paral1e1 to the two luminous lines. 

Calculations for two infinitely thin lines of 
different intcnsity (hut not Maxwellian density 
di8trihution) were made hy Dichtburn.2 Bright
ness evaluation for not infinitely thin lines is 
given, for example, in a paper hy DeVore.3 

Calculations for many parallel lines are carried 
out in a Westinghouse report. 4 Though the 
brightness di!;tribution around a luminous point 
in a magnetical1y focused image tube is not 
Maxwellian, the results are nevertheless similar. 

Additional CODlDlents 

(A) The error formula (4) shows that in the 
case of proximity focusing good resolution can 
be achieved only with small cathode-anode 
spacing L. In the case of extended cathodes 
sensitive for infrared or visible light this requires 
some special technique, e.g., preforming the 
cathode and sealing it in vacuum, or using the 
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technique of reversing the cathode inside the 
tube after formation. For the far UV region, 
however, the case might be simpler since we can 
use cathodes which can be exposed to free air. 
Also, the higher work function in this case permits 
closer spacing. This does not compensate, how
ever, for the loss of resolution due to the much 
higher volva values. 

(B) It has to be noted that the present paper 
discussed the electronic resolution only. Addi
tional errors are introduced by the blurring of 
the optical imaging onto the photocathode, the 
blurring introduced in the phosphor layer, etc. 
Independent err()rs usually add quadratically 

or in terms of resolutions 

1 1 1 1 
R2=m+m+R~ (19) 

(C) The deterioration of the resolution in the 
peripheral region in an image tube with proximity 
focusing is only gradual since the time of flight, 



and with it the blurring increases only slightly 
toward the edges. In a magnetic tube the deg. 
radation of the resolution is more critical because 
the focusing condition, t= nTis more and more 
violated. The curvature of the electric and 
magnetic fields introduces additional aberrations. 
Due to the great difference in the electric and 
magnetic field distribution in different tubes 
general formulas for the degradation of resolution 
cannot be given. 

CD) A difference between the two methods is 
that while in the magnetic case focusing can be· 
maintained at a well defined voltage V only, the 
electrostatic tube is "always in focus." 

In the magnetic case a change AVa in the ac· 
celerating voltage amounts to a change in the 
time of flight by 

(20) 

and results in a blurring 

(20a) 

(20b) 

(E) In the previous section we expressed the 
rule of the propagation of errors: 

(18) 

We have to state however that it refers only to 
independent random variables. Thus, if Air is 
the error (20a, b) due to incorrect focus voltage, 
while A2r is the eJectron.optical error (14) for 
exact focusing, AT of equation (18) would repre. 
sent the average error in a sufficiently large 
number of experiments, where AV varies ran· 
domly; or the resulting resolution of a long 
photographic exposure during which period the 
variation of AV is random and represent a suf. 
ficient number of sampling. In one singular 
experiment, however, where the misfocusing is 
constant, the square law for error addition 
definitely does not hold. The error has to be 
evaluated for different cases individually. 
If the time error in the focusing condition, 
t=nT, due to voltage misalignment is 017 and 

that due to the initial velocity 02, the resulting 
error will be 

(21) 
the focusing error 

(21a) 

and the radius of confusion 

(21b) 

Since the value of 02 is always negative while 01 
can be both positive and negative, the following 
different cases can be considered. 

(1) 01=0. Only the statistical error is present. 

(22) 

and the mean value of IAI will be* 

(22a) 

(22b) 

the focusing error is the sum of the voltage and 
statistical errors. 

(3) 01>A2• 

(22c) 

the focusing error is the difference of the voltage 
error and statistical error. 

(4) 0=A2• 

(22d) 

the error is the same as in the case (1). 
(5) 0 ~ 01 ~ A2• The focusing error A takes 

both positive and negative signs. The statistical 
evaluation of I~ leads to the result 

02 

jA] = d
z 
- 01 +! A2 (22e) 

\AI has a value l Llz both at 01=0 and 01=Ll2' as it 
was stated in (22) and (22d); but in between ILl\ 
has a minimum 

(23) 

at 
(23n) 

as shown on figure 15-3. 

-For the Bake of eimplidty we al!!l81lme br-re a uniform di.8trihution 
for 62 between tbe Umiu 0 and -A2. 
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FIGURE 15-3.-Effective focusing error I~I. 

The error ~r is only half as large here as at the 
"ideal" focusing, 0]=0. This effect was discussed, 
though, through a different approach in a pre
vious paper.! The numerical result is different 
due to the different statistics assumed. 

(F) The superposition of a systematic and a 
statistical error 0] and 52 always has to be con
sidered along the lines followed in the previous 
section. The strange result obtained for ~, 
that I~ is the sum of the two errors in one case, 
the difference of them in anQther case, and an 
intermediate value in between, is intimately 
connected with the fact that we artificially 
defined the focus voltage as the one proper for 
the electrons with zero initial forward velocity. 
In experimental practice one always focuses a 
tube to the minimum blurring by focusing to the 
electrons with average initial forward velocity 
V;;, i.e., for 51=!~2' In this case a "systematic" 
misfocusing 

(24) 

results in an error 

(24a) 
and 

(24b) 

where 

(24c) 

These formulas can be derived from (22e), (22b) 
and (22c) by applying the transformations (24) 
and (24c). 

Both (24a) and (24b) are similar to the result 
of the quadratic addition of errors 

(25) 

no 

This can be seen by an expansion of (25) 

if ot«~~ (25a) 

if ot»~~ (25b) 

or by the direct comparison of the plots of I~ *1 
and ~:, as shown in figure 15-4. 

o 

FIGURE 15-4.-Comparison of IA'1 and A;. 

Summary 

A magnetically focused image converter with 
parallel and homogeneous electrical and magnetic 
fields is compared to One with proximity focusing. 
Both methods give a 1:1 magnification and can 
be applied to large image areas. As long as the 
homogeneity of the fields is maintained, the 
resolution will be uniform in both cases over the 
whole face plate. 

The accuracy of focusing in the two cases is 
given by equations (4) and (9). While the error 
is a first order expression of the ratio of the initial 
and end velocities in the proximity focusing, 
the error is a second order expression in the mag
netic case. This shows the superiority of the 
magnetic focusing. 

By taking account of the stati8tical distribution 
of initial velocities, the resolution obtainable 
with proximity focusing is calculated. Particular 
attention is drawn to the fact that, in an actual 



experiment, the errors of different orIgm are 
not always independent of each other and there-

fore do not add quadratically. This is analyzed 
for the magnetic case. 
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16. THE CHARA.CTERISTICS OF PHOTOCATHODES UNDER HIGH 
LIGHT LEVELS 

MARSHALL P. WILDER and BERNARD R. LINDEN, CBS Laboratories, a Division of Columbia Broadcasting 
System, Inc. 

Introduction 

There has recently heen an interest in the 
characteristics of photocathodes under very high 
light levels. It is common knowledge that emis
sion of high photocurrent densities leads to a 
degradation of photocathode response. Some 
workers have even reported fatigue phenomena 
at emission current density levels as low as 
I J.l.a/cm2

• Many manufacturers have determined 
empirically that 20 J.l.a/cm2 photocurrent density 
is a maximum level, above which irreversible 
degradation takes place. 

CBS Laboratories is investigating cathode 
fatigue at high photocurrent density. The ob
jectives are to achieve a better understanding of 
the phenomenon and to improve the ability of 
cathodes to withstand fatigue. Preliminary re
sults show some interesting properties of fatigue 
phenomena. Most of the results refer to cesium 
antimony cathodes, although some data will be 
presented on other common types of photo
cathodes. 

Experimental Results 

Figure 16-1 is a photograph of the experimental 
apparatus used to take measurements on photo
cathode fatigue. A standard 35-mm slide pro
jector, with a blue filter (Corning type 5113), 
illuminates the photocathode. The energy den
sity onto the photocathode was 4.64 J.l.w/cm2

• 

Figure 16-2 shows the results of measurements 
on two Cs-Sb cathodes. One cathode was opaque 
deposited on a nickel substrate, and the other 
was semitransparent deposited on glass. The 
superiority ~ of opaque cathodes over semitrans
parent ones suggested that the conductivity of 
the surface might be playing an important role. 
Accordingly, data were taken on semitransparent 
Cs-Sh cathodes deposited on a transparent con
ductive (TC) coating. This coating was formed 
in the usual way by spraying a solution of tin 
chloride onto the surface of a heated faceplate. 

A comparison of the results from Cs-Sb on TC 
coatings with Cs-Sb on glass only is shown in 
figure 16-3. Tubes #0088Z and #0474Y had 
standard semitransparent Cs·Sb cathodes de
posited on soda-lime glass (Corning #008). The 
sensitivities of these tubes dropped rapidly with 
time for the photocurrent density shown. The 
incident light was from a tungsten source filtered 
by a blue filter. Both cathodes level off at 
approximately 15 J.l.a/cm2 photocathode emission 
even though they started at different initial values 
of emission. Interestingly enough, the ra,tio of 
final to initial sensitivity is smaller for unfiltered 
tungsten light than for blue light. This indicates 
that the red sensitivity drops off faster than the 
blue sensitivity. 

Tubes #0475Y and #0472Y in figure 16-1 were 
fabricated with semitransparent Cs-Sb cathodes 
deposited on a transparent conductive (TC) 
coating of tin oxide on soda-lime glass. Not only 
was it possible to draw considerably higher initial 
cathode currents, but these current levels re
mained relatively stable for approximately 10 

FIGURE 16-1 
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hours. They did not drop to 50 percent of initial 
sensitivity until after approximately 100 hours. 
Clearly an improvement in stability had been 
obtained with the addition of the TC coating. 
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In the next experiment we exposed a standard 
Cs-Sb cathode to the same light level as before 
with no voltage applied to the tube. No degrada
tion of the cathode was observed over a period of 
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eleven hours of continuous illumination. When 
voltage was applied to the cathode, the sensitivity 
fell in the manner shown in the lower curves of 
figure 16-3. These data give credence to the 
assumption that the faIIoff is intimately associated 
with the photocurrent, rather than with heat 
from the incident light. A further check was 
made to note the effect of cooling the photocathode 
with an airstream from a blower while drawing 
current; the deterioration ccurred as before. 

Visual examination in the illuminated area, 
after loss of sensitivity, showed a complete lack 
of the characteristic red wine color associated 
with a good Cs-Sb photocathode. 

It appeared that the main cause of deterioration 
was a loss of cesium from the Cs-Sb film. To 
test this thesis, a Cs-Sb cathode with no TC 
coating was exposed to high light density from a 
mercury arc over a limited area. The current 
drawn indicated an initial value of 100 p.a/cm2

• 

As usual, the sensitivity d~creased. Since this 
tube contained a multiplier, it was possible to 
observe the area cathode sensitivity on a flying 
spot scanner. Figure 16-4a is a photograph 
taken from the monitor. The thin dark line 
shows loss of sensitivity due to light from the 
mercury arc focused on the cathode. The loss of 
sensivitity in the rectangle at the center was due 
to light from a tungsten lamp. By releasing more 
cesium in the tube and baking the tube for 
)~ hour at 1500 C, it was possible to bring back 
some of the sensitivity (fig. 16-4b). By repeating 
this procedure all the original sensitivity was 
restored as shown in figure 16-4c. A visual 
examination subsequent to the above exhibited 
an almost complete fill-in of the former deficient 
area with the characteristic red wine color of 
Cs-Sb. 

Since the initial tests were made on Cs-Sb 
deposited on lime glass, it was decided to test 
a Cs-Sb cathode deposited on fused silica. This 
would tend to show whether impurities from the 
glass substrate were contributing to the fatigue 
effects. Figure 16-5 shows the results. It is 
evident that no signicant improvement has been 
attained. 

Figure 16-5 also shows data on semitransparent 
Ag,Cs-O and Ag-Bi-Cs-O photocathodes. The 
photocurrent levels are lower in these cases 
because the light level was kept constant for all 
tests and because of the lower sensitivity to blue 
light of these cathodes. Nevertheless, it is interest
ing to note that these cathodes appear to be 
relatively stable at these current levels. Until 
more data have been obtained, it is not possible 
to draw definite conclusions. It is of interest to 
note that the more stable cathodes are those which 
have relatively good conductivity or which are 
deposited on a conductive substrate. 

Finally, data on semitransparent Na-K-Cs-Sb 
cathodes show fatigue characteristics which are 
no better than those of semitransparent Cs-Sb. 
It should also be mentioned that allowing the 
tubes to rest in the dark in no way caused the 
cathode to recover any sensitivity lost by exposure 
to intense illumination. 

A recent publication by Keyoshi Miyaki 1 

theorizes that temperature effects due to joule 
heating of the cathode due to lateral flow of 
photocurrent is cause of deterioration. This is 
consistent with the fact that the more conductive 
cathodes show less fatigue. If this were the 
case, one should expect a general deterioration of 
the cathode surrounding the illuminated area 
as well as in the area itself. This does not appear 
to be the case. 

FIGURE 16--4 
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Whatever the cause may he, it is certain that 
cesium leaves the cathode and that this results in 
a permanent 10Rs of sensitivity provided no more 
cesium is added. This is consistent with the fact 
that the red sensitivity drops faster than the hlue 
sensItIvity. Furthermore, the t;tandard semi
transparent eathodel'i tend to approach a common 
sensitivity indep{·mlent of the initial sensitivity 
as seen in figure ]6-3. It is conjectured that this 
is the hare antimony layer with perhaps a small 
amount of cesium still attached to the lattice. 

Ion Bombardment Effects 

Positive ion homhardment is an important 
rause of cathode fatigue. One way of eliminating 
this effect is to run the tuhe at l('ss than 30 volts. 
Since this is impossihle in all hut simple 1'hoto
diode!;, some other means must he found. 

A review of the electron acc('lerating anod(' 
structure employed in most phototuhes, imag(' 
tuhes, inten!;ifiers, and electron multiplier tuhes 
rcy('al~ th(' anodc dcctrode !;tructure to he a highl) 
efficient ion focusing array. This structure 
ga th('rs all tlw (+) ions resulting from ('mission 
C1Irrent striking an atom Qr molecule of residual 
gas in til/' space hetween cathode anll anode, and 
foeus('" them into a relativelJ small spot at the 
ccnter of the photocathode. This ahusc of the 
('athode reduces its cffici('nc) to an extent which 
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is directly proportional to electron emission. To 
reduce, or pOl'sibly eliminate this destructive 
<'ffect, the "ouree of (+) ions should be reduced 
hy a more complete exhaust, and hy reducing to 
a minimum the amount of hardware and possihle 
porous ceramic insulation In the tube. All 
procedur('s possible should he URed to hake gas 
out of those elements necessary for tube construc
tion he fore , dllring, amI aftl~r exhaust and par
ticularly during tuhe seasoning. Choice of mater
ials with a low vapor pressure is paramount. 
Most essential is the removal of all excess Cs from 
the tuhe and any other unde"irable metallic films 
which might hreak down under bombardment of 
emiu('d electrodes or electrical strain and give 
rise to gas. A collector anode d('sign should he 
chosen which will defocus and spread out the 
remaining positive ions uniformly oY('r the "urface 
of the cathode. There are "everal ways to 
accomplish this. 

Ring electrodes spaced along the axis of the 
tuhc can he used to defocus the ions if the poten
tials are correctly chosen. Figure 16-6 shows a 
;;kNI~h of this approach. An ion harricr gri'] made 
of fine-mesh screen parallel to and close to the 
cathode will collect electrons effici('ntly and 
grcatly limit the volume of the tulw in which (+ ) 
ions ,lI'trimcntal to the cathOlIc can form. This 
approach has somc mcrit hut thcre arl' several 
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important drawbacks. In all cases except a 
photodiode, this screen's transmission will reduce 
the current to the phosphor screen or first dynode 
and degrade the tube's signal-to-noise ratio; also, 
in the case of image tubes, it will reduce resolu
tion to one-half the space between adjacent wires 
in the mesh. Some improvement in this respect 
can be achieved by increasing the spacing between 
mesh and cathode which in tum increases ( + ) ion 
formation. Lnfortunately, the high resolution 
required for modem image intensifiers and image 
tubes in general cannot be achieved by employing 
currently available fine-mesh screens. 

Another approach which appears to have con
siderable merit suggests the use of a spiral waH, 
coating of high-rcsistance conductive material' 
arranged to axialIy accelerate the cathode electron 
emission toward the anode without focusing it 

while acting on (+) ions in an identical manner 
in the reverse direction (fig. 16-7). This accel
erator has a further advantage in that no strong 
gradients are developed at any point during the 
flight of the electrons from cathode to anode. 

"When focus of the electrons is required, as in 
an image tube, this may be accomplished by an 
external magnetic field which will focus the 
electrons while only lightly affecting the ions be
cause of the differences in their masses. This 
approach has the advantages of all the previous 
suggestions without their disadvantages. Photo
cathodes employing this design were built and a 
considerable improvement in life was noted. In 
this respect magnetically focused image tubes 
have an advantage over electrostatic tubes. 

It is believed that the majority of the positive 
ions formed in conventional image intensifiers 
are the result of electrons striking free Cs atoms 
left over from conventional "in situ" processing. 
.. To avoid thi;;. difficulty and leave out the auxil
iary electrodes such as shield;;, evaporators, 
alkali vapor sources and the like, the photo
cathode can be mounted on a suitable ring to be 
processed separately from the rest of the tube. 
There are a number of ways of doing this. One 
process which suggests itself is to form a cathode 

in a bell jar where it can be thoroughly tested 
before tram fer to the final tube. 

The advantages of this procedure are many. 
Thus, it is possible to place the Mn and Sh evap-
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orators. at an ideal location to allow for efficient 
laydown of these important materials. 

Above all, there will be no cesium or other 
alkali metals in the main body of the tube. It 
is expected that this will considerably reduce the 
ion bombardment effects resultant under high 
photocurrent densities. 

In order to examine the cathode characteristics 
in a bell jar environment, a number of phototubes 
with various cathode surfaces were cracked open 
while reading their output. The change in sen
sitivity, as a function of time, was noted (fig. 
16-8). As can be seen from the curves, all cath
odes except one actually rose in sensitivity for the 
first 5 minutes and then returned to their origi
nal value 10 minutes later. 

A possible explanation for this effect may be 
associated with the oxidation of excess Cs not 
needed for the amount of Mn and Sb present; 
or, possibly secondary electrons are added to the 
primaries as a result of emission when electrons 
strike gas atoms in the relatively poorer vacuum 
of the bell jar. Further tests will be undertaken 

in a vacuum several orders of magnitude higher to 
determine which effect is dominant. 

Techniques such as these in combination with 
rccent improvements in vacuum technology will 
undoubtedly result in cathodes which have 
longer life under high emission current density. 
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Discussion 

H. SHABANO'lHTZ: Was stability of photocathode sensitivity increased at elevated temperatures? 
Were non-cesium-bearing photocathode examined? 

B. R. LINDEN: No data were taken on cathodes at elevated temperatures. Some data were taken 
on bialkali photocathodes (Na-K-Sb). They showed approximately the same characteristic drop as 
Cs-Sb on glass. They also improved with a conductive coating. 

A. II. SOlIl\IER: COtild you confirm or eliminate ion bombardment as the cause of fatigue by using 
a low anode voltage of, say, 5 volts so that ions are not formed? lIave you any explanation for the 
absence of fatigue during the first 10 hours of life 'test? 

B. R. LINDEN: The problem with using low voltage up to now is that the geometry of the tube 
would not allow current saturation at the light levels under consideration. 

W. F. NIKtAS: Questioned the formation of ion spot at vacua better than 10-3 mm ITg. 
B. R. LINDEN: O~r experience definitely indicates ion spot formation at a vacuum better than 

10-3 mm IIg. The light fevel was 10' foot-candles. 
C. V. STANLEY: What was the pressure in the bell jar when the formed photocathodes were exposed 

to it? 
B. R. LINDEN: The pressure reading on a Philips gage located close to the top of the oil diffusion 

pump was 10-6 mm lTg. The va(1).um at the photocathode itself was probably not this good. 
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17. SPECIAL PHOSPHOR SCREENS FOR IMAGE TUBES* 

D. A. CUSANO, Research Laboratory, General Electric Co. 

In troduetion 

Simple or cascaded image converter tubes con
tain three important components: (1) the photo
emissive surfaces, (2) the electron-optics and 
associated power supply, and (3) the pho"phor 
screens. The majority of pa"t development effort 
has been devoted to (1) and (2) and carried out 
under military sponsorship. Until fairly recently, 
phosphor technology has always been borrowed 
from the cathode ray tube and fluorescent lamp 
fields. Pace could easily be kept with the various 
electronic improvements and innovations in 
image tubes. This situation is no longer so. 
Attention should now be given to substantial 
modification or actual replacement of present fine
particle screens if resolution is not to remain 
limited by the phosphor. This is particularly 
important for multistage tubes. Attention should 
also be directed from ordinary cathodolumines
cence to other luminescent effects such as cath
odoelectroluminescence (CEL) 1-3 where, for ex
ample, the overall gain or storage capabilities of 
image tubes can be improved. 

Over the past decade th~re has been a con
tinuing interest in continuous layer phosphors 
made by vapor reaction. 4- 6 Most of the effort 
has been directed to development of high-con
trast, high-resolution transparent screens for 
special cathode ray tubes. The remaining effort 
has been largely devoted to the study of thin film 
electroluminescence and related electro-optical 
effects. This paper will deal largely with the re
sults of a research contract (DA-4/t-009-E~G-
4151) arranged to extend technology in vapor
reacted films specifically to the problem of 
phosphors for image tubes. 

This contract was divided into two distinguish
able portions from the standpoint of experiment: 
materials involved and phenomena. The fir,;t 
part was concerned with the improvement which 

*\Vork supported by lTS t\ EH DT., FOri Belvoir, Va., 
DA-H-009-El\G-·J.J:; I. 

might be made in efficiency-resolution character
istics of image tubes by replacing present granular 
screens with vapor-reacted zinc sulfide or zinc 
oxide layers that are thin, but translucent or 
volume scattering. The general objective was to 
achieve much higher resolution than has been 
heretofore obtained, or is pos,.;ihle, with conven
tional powder screens and at the same time, to 
reach an efficiency as ncar as posi5ible to that of 
the efficient P-20 viewing screen. The second half 
of the contract was devoted to stU!lying vapor
reacted zinc i5ulfi(le layers which exhibit cathodo
clectroluminescence (CEL) and tlllls i5how an 
enhancement of luminescence when voltage is 
applied during electron bombardment. In this 
case, improvement in efficiency-resolution was 
also sought. However, it was to come in this case 
from an increased electron to light conversion 
efficiency since electrons bomharding a CEL 
phosphor control its 'electroluminescence 1-3 rather 
than solely producing cathodoluminescence. 

Previous Thin Film "Evaporation" Studies 

With the exception of vapor reaction work, mOi5t 
of the effort to prepare continuous layers of 
phosphors has centered around evaporation in a 
bell jar. It ha" always been a great temptation 
to put a phosphor (no matter how complex it may 
be regarding impurity and chemical i5tmcture) 
into a suitable heater and vacuum vaporize it 
onto a sub"trate held at r'l0m temperature or 
i5lightly above. In the case of ZnF2:Mn, such 
i5traightforward evaporation indeed produces a 
transparent deposit which has a chemical com
position, optical characteristics, and a luminescent 
efficiency quite close to those of the original 
powder.6 Tn general, however, one or more of 
lhe following things happen;;: (1) the activator 
center "breaki5 up" and is "loi5t" by i5elective and 
nonuniform evaporation of the phosphor im
purities; (2) the host cry;;tal dissociatei5 upon 
heating and results in a deposit with a considerable 
departure from stoichiometry; (3) the condensate 
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deposits in an amorphous or different crystalline 
form from that of the original phosphor; and (II) 
the low substrate temperature prohibits the 
adequate diffusion of condensed impurities for 
the reconstruction of activator centers. These 
difficulties have entailed consitlerable departure 
from vacuum evaporation techniques and led to 
methods now termed one-step, two-step, modified 
two-step, etc., 7-8 such methods involving various 
modifications and heat treatments, both in amI 
out of the bell jar, to restore the condensed rleposit 
to that of the original phosphor or, in some cases 
an equally interesting one. (An example of the 
latter is that of reacting the condensed deposit 
with the substrate itself.) A('tivity in the various 
laboratories has mostly concerned the P-I, or 
Zn2Si04:Mn, phosphor. The powder counterpart 
is a green, emitting material with a maximum 
efficiency for laboratory samples of about 35 
lumens per watt at 15-kilovolt excitation.9 

Commercial screens come closer to 25 lumens per 
watt. 

The Allen B. Du Mont Laboratories recently 
terminated a contract DA-44-009-ENG-3711, on 
the evaluation of "evaporated" deposits of the 
P-I phosphor for image tubes. From the point of 
view of maximizing an efficien('y-resolution pro(J
uct, it was hoped that ('ontrol of the texture of 
the phosphor layer would allow sufficient scat
tering out of the emitted light with adequate 
preservation of resolution. However, the silicate 
deposits are fabricated by high-temperature 
reaction between deposited oxide components and 
between these and quartz or glass substrates. 
The task of controlling phosphor texture by this 
type of preparation has not been a simple one 
although some samples of undetermined resolution 
have been made which have a luminescent 
efficiency of about 7.4 lumens per watt. 

Vapor-Reacted Sulfide and Oxide Phosphors 

In many thin film phosphor applications, 
transparent scattering-free deposits have been 
desired, the cathodoluminescent efficiency not 
always being the foremost consideration. In the 
case of image tubes, however, it was recognized 
that improvement in resolution could only be 
significant in over-all performance if the efficiency 

of the deposited phosphor was not too far below 

that of the fine·grained P-20 phosphor (Zn, 
CdS:Ag,CI). The P-20 powder phosphor has the 
highest known laboratory efficiency of about 80 
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lumens per watt 9 at 15 kilovolts, and good image 
tube samples run as high aR 45 lumens per watt. 

The vapor reaction method, 4-5 as contrasted 
to the various procedures mentioned above, has 
been employed with particular success in the 
preparation of transparent films of zinc-cadmium 
sulfide". Five-inch transparent P-11 screened 
tubes are already in production and being used 
for low noise, high resolution c.r. applications. * 
These polished nonseattering films offered very 
high resolution-up to 500 line-pairs per milli
meter. However, in a truly nonscattering con
dition, the same phosphors are down an order of 
magnitude in luminous effil:'ien('y from present 
P-20 screens-a large part of tbis poor per
formance due to internal light trapping. 1\;"0 

change or net loss in efficiency-resolution would 
be had by using these screens in image tubes. In 
addition, it would be quite difficult to make use 
of very high resolution with the conventional 
optics used in many applications. For these 
reasons, the present work involved, alternatively, 
the approach of making the brightest screens 
possible, making use of and often increasing the 
light scattering or translucent nature of the films 
rather than polishing them to a smooth finish. 
(The high refractive index of zinc sulfide is not a 
disadvantage for scattering films as it is for 
transparent, nonscattering deposits.) A useful 
resolution goal of about three times that of P-20 
screens (i.e., .-v 120 line-pain; per millimeter) was 
sought. 

Figure 17-1 depicts schematically the arrange
ment used in preparing the phosphors studied 
on this contract. Tn essence, the vapor reaction 
method 4-5 is chemically similar to one which 
is frequently used for growing Ringle crystals. 
The growth occurs on a hot (>400° C) surface 
from reaction between the vapors or gases which 
contain the elemental constituents of the phosphor 
as well as the impurities to be incorporated 
therein. ** 

The preparations investigated included zinc 
sulfide and oxide samples with emission bands in 
the blue, green, and yellow region of the spectrum. 

*General Electric Co., Cathode Ray Tube Department, 
SyraruRe, l'\.Y. 

**Jnsofar as there is considerable evidence that TJ-VI 
compounds dissociate at high vaporation temp('ratures, 
the "hot wall bell jar evaporation" method for forming 
TJ-VJ phosphor films 10 may also in"olve reaction of 
dissociated constitu"'nt~. If TICI is added during e\'llpora
tion, then the saltH of the elemental ('ol\stitu('nts could 
similarly be involved in rea(,tion. 
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FIGURE 17-1.-Vapor reaction coating arrangement for 
ZnS phosphor layers. 

The main activator examined was copper. It was 
incorporated by utilizing either a predeposit or 
postdeposit of copper (sometimes both), the latter 
requiring an additional heating cycle beyond that 
of the sulfide deposition itself. All the other 
activators and the coactivator chlorine were in
corporated from the vapor, the mORt usual way.4-S 
About 40 or more films were made, only a few 
alike in the conditions of preparation. 

The coating thickness was taken to two or 
three microns to make full use of 10- to 25-kilovolt 
electron bombardment. A few samples were 
made thin to determine particularly the effect 
on resolution. 1Vlany samples were prepared on 
thin precoats of various evaporated materials 
to nucleate growth in different ways. Various 

glass substrates were examined to explore their 
effect on luminescence efficiency and deposit 
texture. For the most part, coating temperature 
was held about as high as the particular glass 
could take. There was very little evidence that 
luminescent efficiency did not decrease with tem
perature reduction. 

:J{esolution ·Measurements 

Resolution was measured by optical means, 
since many zinc sulfide an~ oxide phosphors 
luminesce to ultraviolet as well as cathode ray 
excitation. In essence, this optical measurement 
provided a simple and rapid means of determining 
a value of resolution corresponding to a lower 
limit of what is expected for excitation by cathode 
rays. (In the near ultraviolet (3,650 A), zinc 
sulfide has a high index of refraction, about 2.7Y 
Therefore, lateral scattering of ultraviolet at the 
phosphor surface would, if anything, give poorer 
apparent resolution than that obtainable under 
electron excitation.) 

The optical equipment is shown in figure 17-2. 
A 3,650 A image of a resolution chart transpar
ency was projected onto the scattering pho!'phor 
sample to he examined, usually on the film side. 
A Corning 5,840 filter was used in front of the SP4 
mercury lamp to further red uce the intensity of the 
weak 4046A line in this lamp, beyond that already 
accomplished by the dark glass envelope. A 
good quality len!' was employed which had ade
quate transmission to ultraviolet. Brightness was 
no problem, The resolution pattern, in lumines
cent light, was viewed with a microscope through 
the glass side, as it would be in actual image tube 
use. To avoid any possibility of observing blue 
radiation from the ultraviolet lamp, a "!ratten 8 
(K2) filter was employed as shown, between the 
observer and the microscope. 

Resolution measurements were obtained for 
more than two dozen samples as grown. Values 
for many sulfide layers readIed 8-t line-pairs per 
millimeter, twice as high as P-20 values. Thinner 
samples gave more than 96 line-pairs per milli
meter, while "everal samples gave low values of 56 
to 63 line-pairs per millimeter. Very high values 
of ).to to 154 were obtained with a ZnO:Zn 
screen, indicating, for one thing, that the resolu
tion capability of the measuring system was at 
least tha t good. 

Unpolished vapor-reacted sulfide phosphors as 
grown scatter only at the air-phosphor I>urface. 
Some of the light which reaches the observer 
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FIGURE 17-2.-Arrangemellt {or measuring optical resolution of phosphors. 

involves long paths through the transparent 
interior, with the result that the spot size is 
considerably enlarged. This appeared to be the 
reason for the low resolution of some samples. 
The ZnO: Zn screen, which had by far the best 
resolution, contained an appreciable volume
scattering nature .. This was evidenced by the 
fact that it could not be polished to transparency 
as could most sulfide layers. 

Two techniques were studied to make sulfide 
layers possess volume as well as surface scattering 
character. Thc first, already mentioned, involved 
precoating the glaEs suhstrates with a thin layer of 
material which nucleates the subsequent sulfide 
growths so that these - deposits consist of dis
oriented, microcrystallite structure. The second, 
anrt more successful, was that of etching the 
deposits with acid just long enough to cause 
selective attack at grain boundaries and along 
microcry,.;taIIite surfaces. The air-phosphor inter
faces so produced were effective light scattering 
;;ites. Resolution before and after etching is 
shown for several samples in Table 17-1. In two 
instanccs, the resolution improved considerable, 
ri"ing to ahout 115 line pairs per millimeter, or 
nearly three timcs that of standard P-20 screens. 
In four other cases, the improvement was not as 
large. 
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Resolution (Jine 

Sample No. Phosphor 
pairs/mm) 

Before I After 
HCI etch HCI etch 

5-485 ......... Zn5:Cu,CI ...... 63(70~ 77 
5-487 ......... Zn5:Cu,CI. ..... 70(77 77 
5-492 ......... Zn5:Cu,CI ...... 70(70~ lI5 
5-500 ......... ZnS:As,CI ...... 70(63 115 
5-501 ......... Zn5:As,CI ...... 70(70) 77 
5-502..", .... Zn5:Cu,CI. ..... 84(77) 77 

) Mea~urementB made by a second observer. 

Efficiency lUeasurements 

In order to maintain proper screen potential 
and approximately double the light reaching 
the observer, nearly all image tube phosphor 
screens were backed by a thin reflecting metallic 
coating, usually of aluminum. The aluminum, 
if deposited directly on these rough surfaces, is 
gray in appearance and poor in reflection when 
viewed through the phosphor. This depended in 
degree on the particular scattering nature of each 
sample. To avoid this difficulty, aluminum was 
first evaporated to 0.1 micron on a self-supporting 
lacquer film, the free surface of this then pressed 



onto the phosphor, and the lacquer film burned 
off subsequently in an air bake. 

Some two dozen phosphor samples were ex
amined under electron bombardment in a de
mountable cathode ray tube. The spectral 
distributions were found to be relatively independ
ent of bombarding voltage and were obtained at 
15 kilovolts and 0.IJ.1a/cm2

• The spectra are 
plotted in figures 17-3 and 17-4. From the area 
under the product of visibility curve and these 
spectral distributions, the lumen equivalents, or 
lumens per output watt, were calculated for each 
sample. The results obtained are listed in the 

fourth column, of table 17-II. The suffix E and 
U in the sample label indicates respectively 
whether the sample had or had not been etched 
in IICI solution. 

Cathodoluminescent brightness was measured 
with a SEI exposure meter for two values of cur
rent density, 0.01 and IJ.1a/cm2, and three bom
barding voltages, 10, 15, and 20 kv. The alu
minum backing maintained the phosphor at 
anode potential during bombardment. The max
imum brightness values obtained, whether at 10, 
15, or 20 kv, were converted directly to lumens 
per watt efficiencies via the formula below: 

(Efficiency in lum/w) 
(Brightness in ft-L) (1.07X 10-3 lum/cm 2_ft.l) 

(I) 
(Beam potential in volts) (Beam current density in amp/cm2) 

and are tabulated in table 17-III, fourth column. 
In general, higher efficiencies were found for 
higher voltage operation. 

The lumens per watt efficiencies, in turn, were 

converted to ener{!,y efficiencies using the lumen 
equivalents of table 17-II, fourth column, in the 
expression below: 

(E ffi 
. (Efficiency in lum/w) 

nergv e ctency) = . , 
. (Lumen eqmvalent III lum/w) 

(2) 

These results are plotted in table 17-III, again for 
10, IS, or 20 kv, whichever value was highest. 
These energy efficiencies are an indication of 
phosphor performance quite independent of 
emission color. 
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FIGURE 1 i-3.-Spectral distributions of ZnS:Ag,CI and 
several ZnS:Cu,CI vapor-reacted I'hosphors under 
cathode ray excitation, 

Conclusions Concerning Translucent 
Vapor-Reacted Phosphor Films 

As can be seen from table 17-III, the lumen
per-watt efficiencies of two or three vapor-reacted 
films have reached values of 13 to 17. These are 

636674 Q-62--9 

to be compared to values of about 45 for the 
present P-20 image tube powder screens, and 
values from 20 to 25 for the ol(ler P-l powder 
screens. Several films, those shown and others, 
exhibit energy efficiencies from 3 to 5 percent. 
For comparison, the energy efficiency of P-20 and 
P-lI screens is about 10 percent and that for P-l 
powder screens between 4 and 5>f percent. 

As regards resolution, the values obtained 
optically are quite high, especially for the etched 
samples which offered lIS line-pairs per milli-

100 

S-504[ ZnS As, CI 

80 
S-523[ ZnS: Mn, CI 

-'--"c:=-"-----=-........ l .... 1.. . ...L.......l... . .L ---'._ . ...L.._ . ..L. 
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FIGURE 1 i-4.-Spectral distributions of ZnS:P,CI, ZnS; 
As,CI, ZnS:Mn,CI, and ZnO:Zn vapor.reacted phosphors 
under cathode ray excitation. 
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TABLE 17-11 

Sample Phosphor 

ZnS:Cu, CI .................... . 
ZnS:Cu,CI ..................... . 
ZnS:ClI,CI. .................... . 
ZnS:Cu,CI (etched in HCI) ...... . 
ZnS:Cu,CI ..................... . 
ZnS:As,CI (etched in HCI) ....... . 
ZnO:Zn (et('hed in HC!) ......... . 
ZnS:P,CI (etched in ITCI) ....... . 
ZnS:'M n,CI (etched in lICI) ...... . 

S-430 U 
S-511 U 
S-485 U 
S-512 E 
S-502 lJ 
5-504 E 
5-481 E 
S-483 E 
S-523 E 
P-20 I 

P-20 2 

P-1 2 
Zn,C.d5:Ag,CI ................. . 

I 
Zn,Cd5:Ag,CI .................. . 

Zn,SlO,.Mn .................... . 

--------
I This report. 
2 Data from Bri! and Klasens. 

Substrate 

Lime glass ................... . 
Prrex ....................... ~~. 
T,lIne glass ................... . 
P~·rcx ....................... . 
LIme glass ................... . 
Pyrex ....................... . 
Pyrex ....................... . 
Pyrex ....................... . 
Pyrex ....................... . 
(Powdpr phosphor) ........... . 
(Powder phosphor) ........... . 
(Powder phosphor) ........... . 

TABLE 17-111 

Sample Phosphor 

S-430 l' ....................... ; Zn5:Cu,CI .................... . 

S-511 U. . . . . . . . . . . . . . . . . . . . . .. ZuS :Cu,CI .................... . 

5-485 lJ. . . . . . . . . . . . . . . . . . . . . .. Zu5:Cu, Cl .................... . 

S-512 E. . . . . . . . . . . . . . . . . . . . . .. ZnS:Cu,Cl .................... . 

S-502 U. . . . . . . . . . . . . . . . . . . . . .. Zn5:Cu,CI .................... . 

S-504 E. . . . . . . . . . . . . . . . . . . . . .. ZuS:As,Cl ..................... . 

S-481 E. . . . . . . . . . . . . . . . . . . . . .. ZuO:Zn ....................... . 

S-483 E. . . . . . . . . . . . . . . . . . . . . .. ZnS:P,CI ...................... . 

S-523 E ....................... ZnS:Mn,CI. .................. . 

I Peak wave
length (A) 

4,540 

4,850 

5,050 

5,100 

5,130 

5,750+4,550 

5,000 

5,202 

5,900 

Lumpn equiva
lent (in 

lumens/wall) 

ISO 
272 
295 
368 
425 
309 
358 
351 
276 
515 
500 
475 

1\.faximum 
lumens per 

wa 1I efficiency 

4.5 
(4.8) 
13.4 

(10.7) 
11. 4 

(11. 8) 
13.5 

(14.3) 
8.6 

(8.6) 
10. 7 
(3.6) 
4.3 

(2.7) 
10.7 

(17.1) 
5.7 

(2. I) 

---~-~--' 

xO.OI p.a/cm2• 

(x) 1 p.a/cm2• 

Peak wave
length CA) 

4,510 
4,850 
5,050 
5,100 
5, 130 

5,750+ 4,550 
5,000 
5,220 
5,900 
5,500 
5,500 
5,250 

:Maximum 
energy effi
ciency (in 

percent) 

3.0 
(3.2) 
4.9 

(3.9) 
3.9 

(4.0) 
3.6 

(3.9) 
2.0 

(2.0) 
3.5 

(1. 2) 
1.2 
C·8) 
3.0 

(4.8) 
2.1 
(.7) 

meter. The present P-20 screens give about 
40 line-pairs per millimeter. Since there is no 
reason why the best effieiency and best resolution 
found to date could not be produced in a single 
specimen, the performance of films is found for the 
first time to be competitive with the P-20 screens 
on the basis of a simple efficiency-resolution prod
uct. As viewing screens, these green ZnS:Cu,Cl 
or ZnS:P,Cl samples shouhl be more attractive 
than P-20 fine-grained screens, if the optics 
involved dictate that resolution should be some
what more important than efficiency. Dlue
green emitting films of ZnS:Cu,Cl used with 
either S-11 or multialkali photocathodes, offer 

slightly better efficiency-resolution products than 
powder P-ll powder screens. Hence they may 
find use in cascaded tubes. For such cascaded 
tubes, where one may desire a single phosphor to 
be used at both the intermediate and viewing 
stages, the blue-green emitting films of ZnS :Cu,CI 
would be best suited. 
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In short, many of the scattering vapor-reacted 
deposits investigated here have exhibited cathod
oluminescent efficiencies considerably higher than 
any made to date by other film methods. Some 
of the,.;e deposits of high resolution and general 
quality will find use in special cathode ray tubes 
in addition to image tubes. Since there is no 



theoretical reason why such translucent or scatter
ing sulfides should not some day be just as efficient 
as their powdered phosphor counterparts, further 
development efforts should lead to translucent 
thin film screens with the presently achieved 
resolution of 120 line-pairs per millimeter and an 
energy efficiency nearer to 10 percent. 

Introductory Comments on CEL 
Intensifying Screens 

In addition to being the most efficient phosphors 
under cathode ray excitation, granular zinc sul
fides represent the best electroluminescent ma
terial known to date. Furthermore, related ma
terials such as cadmium sulfides and selenides are 
very sensitive photoconductors to the visible and 
infrared. For some time, it has been hoped that 
a series combination of a photoconducting and 
electroluminescent layer (PC+ EL) would offer 
a solid-state amplifying screenl2-l4 that would 
perform as well as, and eventnally replace, vacuum 
image converter tubes. However, the character
istics sorely needing improvement before thi" 
replacement can be seriously considered are the 
slowness of response, the insensitivity to very low 
radiation levels, and the inherently poor resolu
tion (",2 lines/mm)Y 

Single-layer PEL screens 1-3 have also been con
sidered as possibilities for image tube leplacement. 
The important advantage over the two-layer 
intensifiers is that of much higher resolution. 
The PEL phenomenon is observed with vapor
reacted layers of ZnS:Mn,CI, ZnS:Mn,X,Cl and 
ZnS:X,Cl where X is either P, or As, or Sb. 
These phosphors are grown on TiOz coated glass, 
the transparent TiOz film being one electrode and 
a metallic layer applied on top of the phosphor the 
other. (See fig. 17-5.) When an image of radia
tion in the m~ar ultraviolet or blue region of the 
visible falls upon the screen and a d.c. voltage 
(usually less than 100 volts) is impressed across 
the phosphor as shown, this type of solid-state 
amplifier emits an image in the yellow region of 
spectrum whose intensity is more than 10 times 
that in the incident beam. This intensification is 
accomplished 15 via a control exerted by the input 
radiation on the ability of the phosphor to elec
troluminesce; i.e., to derive electrical energy from 
the voltage source and convert it into visible light. 

Although better in resolution than a (PC+ EL) 
screen, the PEL intensifier still does not compete 
with conventional image tubes at very low light 
levels. However, there was yet to be explored 

TRANSPARENT 
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COATING 

\ 

VISIBLE 
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FIGURE 17-5.-Arrangement for observing PEL and eEL 
effects. 

the related solid-state phenomenon of cathodo
electroluminescence (CEL),1-3 i.e., the control of 
electroluminescence in these screens exerted 
directly by incident electrons rather than photons 
(see also fig. 17-5). The remainder of this paper 
has to do with this CEL effect, not as a phe
nomenon competing with electronic image con
version, but rather for its possibilities of improving 
overall performance of these image tubes as a 
replacement for present viewing screens. Since 
the phosphors were to be no more than about 5 
microns thick, and could be polished if desired, no 
serious resolution problem was anticipated. Fur
thermore, the screens appeared to function best 
in a region of cathode ray intensity from 0.25 to 
250}J. watt/cm2

, very much in the realm of present 
image tube operation. Since the CEL layer would 
not be required to detect an image at low levels 
at which it arrives at the photocathode, the 
obstacle of sensitivity at very low intensities 
would be circumvented. 

Effort on CEL was devoted primarily to 
efficiency-resolution improvement, but related 
things such a8 memory or image retention were 
given some attention. 

CEL Sample Preparation 

Pyrex disks were coated with transparent Ti02 

to a thickness of about 0.3 micron. These coat· 
ings were formed by the usual technique of 
reacting TiCl j vapor with H 20 vapor while the 
samples are held at approximately 2500 C. Sub
sequent deposition of zinc sulfide phosphors lead .. 
to chemical reduction of the coatings such that 
they become semiconducting and can serve as 
transparent electrodes.' 5 

Various phosphor modifications were prepared 
on these TiOrcoatcd baseR. The activator 
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manganese is a necessary impurity 15 16 and was 
included in preparation of all samples. However, 
since other activators such as phosphorus, arsenic, 
and antimony can produce PETY or influence 
PEL characteristics of manganese phosphors,1516 
they were also examined. 

The coactivator chlorine seems to be a second 
important impurity for CEL phosphors. It is 
considerably more effective than other halides. 
Properties like resistivity and photosensitivity do 
not depend to first order on manganese, but thcy 
do on this coactivator. Chlorinc contcnt was 
intentionally varied for some of thc preparations. 
A few samples were prepared with group IUB 
coactivatior such as Ga and In, alone amI III 

conjunction with chlorine. 
Other variations made for the purpose of 

influencing CEL properties involved thickness of 
samples, surface nature (unpolished or polished), 
and final electrode identity. The electrode materi
als were all directly evaporated metals about 0.1 
micron thiek-namely, aluminum, indium, gold, 
copper, and silver. Aluminum and gold electrodes 
behaved similarly and reasonably well for all 
screens, with aluminum preferred in general. 

Experimental Results and CEL Behavior 

The following comparison is typical of that 
made between a eEL screen and an aluminized 
P-20 granular phosphor. Both phosphors were 
bombarded side by side in a demountable cathode 
ray tube with a raster of appropriate size. The 
CEL screen was a polished, nonscattering ZnS: 
M n,As,CI phosphor with a top electrode of 
O.l-micron aluminum, nearly the same thickness 
as that on the P-20 viewing screen. ,",cith no 
voltage applied to the CEIJ screen, its light output 
was considerably lower than that of the P-20. 
However, with a d.c. voltage of 85, the brightness 
under 15 kilovolts became considerably higher 
than that of the P-20, particularly at the low 
current den:;ities. A plot of steady state bright
nes:; versus current density for each screen is 
shown in figure 17-6. The plot for the P-20 is 
eSiientially linear, indieating a constant effieiency 
of 45 lumens per watt. (This correspond;; to an 
energy efficiency of about 10 percent.) The 
numbers adjacent to the CEL curve give the 
hrightness ratios of CEL to P·20 phosphors at 
various current densitie:;. At ahout ,t X 10-'> 
microamperes per square centimeter, the energy 
efficiency of the eEL screen is ahout 200 percent. 
In essence, this means that via cathode ray 
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FIGURE 17-6.-Brightness versus current density for a 
CEL screen and a P-20 viewing screen from an image 
converter lube. Brightness ratios of CEL to P-20 noted 
along solid line. 

control of d.c. electroluminescence it is possible 
to produce twice as much energy in visible emis
sion than is present in the cathode ray beam 
itself. 

Another manner of presenting steady state data 
is shown for a second sample in figure 17-7. 
Here, the CEL brightness is plotted against that 
of the P-20 screen under the same excitation. 
The dotted straight line is one of equal brightness. 
Data are shown for several voltages. A fair 
appreeiation of the CEL mechanism can be 
obtained by subtracting the cathodoluminescent 
(no field) light output from the CEL output. 
The results are plotted as dotted lines on the 
same figures. The;.;c curves now iihow saturation 
with increasing P-20 brightness; in other words, 
increasing current density. The saturation value 
increases with homharding voltage, hut eventually 
:-;aturates too. Briefly, for each bombarding 
voltage, there is a certain value of d.e. eleetro
luminescence which can be "turned on" in any 
fraction, or in full, by proper choice of incident 

electron density. Also, there is a maximum 
amount that can be "turned on" regardless of the 
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value of bombarding voltage. The latter is about 
13 foot-lambert" for the sample of figure 17-7 
but can be as high as 50 foot-Iamberts in other 
cases. Such values, for only 40 volts applied, 
are consiRtent with maximum d.c. EL which can 
be obtained by special ~;urface treatment of these 
same zinc sulfide samples. IS 16 

The buildup and decay of light output in CEI, 
is not exponential with time. However, a rough 
idea of the time it takes for the light output to 
increase to about two-thirds of ito steady-state 
value following the switching on of a cathode ray 
beam of a given current density and voltage is 
given in figure 17-7. The "time constants," in 
seconds, are shown as encircled m,merals and 
pertain to that particular section of the solid line 
curve they are dosci"ll to. As can be seen, the 
buildup time decreases with increasing current 
density, and also seems to increase with bombard
ing voltage. 

The decay times, for some phosphor prepara
tion, are ohorter than the buildup times at high 
intensity, but approach them at low intensity. 
For other screens, however, the decay times are 
appreciahly longer than the rise times. For these 
samples, pulsed d.c. operation (f ~ 100 cycles per 
second or less) was ahle to help by shortening 
decay times con;;iderahly, but this had little or 
no effect on huildup times. In still other samples 
currently under study, attempt" were made to 
actually increase decay times for image storage 
tube posRibiJities. 

A CEI, sample, elel'troded with a semitran'l
parent gold film (75 ~ A), was examined in the 
optical reoolution equipment described earlier in 
this report. Without applied voltage, the resolu
tion of this sample was observed to be about 65 
line-pairs per millimeter. With a voltage applied, 
the reoolution was ea~ily seen (the brightness 
increased) to stay the same. There was no 
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apparent field spreading of the light. Although 
this measurement was actually one of PET", the 
CEL resolution is bound to be the same or 
possibly better. 

Conclusions Concerning CEL Intensifying 
Screens 

It has been shown that CEL screens consisting 
of vapor-reacted zinc sulfide film;; subjected to 
electric fields exhibit greater light output than 
P-20 image tube screens under identieal electron 
bombardment. The bombardment range is from 
10-5 to 10-2 p,a/cm2 and 5 to 25 kv, well in the 
operating range of the final stage" of image con
verter tubes. In the current density region 
between 10-5 and 10-4 p,a/cm2

, the ratio of CEL 
to P-20 brightness can be greater than 10. The 
resolution of the CEL phosphors, measured 
optiea11y, is about 65 line-pairs per mm, or 40 
percent better than that of P-20. Hence, the 
efficieney-resolution product of image tubes ean 
be increaseti markedly by employing CET" screens 
in place of P-20 sereens for thc viewing phosphor. 

A disadvantage of CEL screens for some image 
tube applieations is the slowness of response, 
partieularly in the lower current density region 
where the efficiency-resolution improvement is 
greatest. It is shown in the appcndix to thi:o; 
paper that it is not likely that rise times can be 
improved grcatly since the present zinc sulfide 
layers are exhibiting nearly maximum performance 
as cathodoeonductors. Hope for further improve
ment lies in (1) lower resistivity CEL samples, 
(2) lower resistivity cathodoconductor plus electro
luminescent thin film screens, or (3) considerably 
improved electrolumineReent efficiency during 
CEL. Nevertheless, it is sti'ongly believed that 
the true worth of the CEL scrccns as they now 
stand ean only be ~valuated in actual image tube 
operation (demountable or otherwise). It is 
urged that this he carried out in the near future. 

Summary 

Two means of improving the performance of 
luminescent elements used in image tubes are 
discussed. Translucent vapor-reacted zinc sul
fide layers have been produced with resolutions. 
measured optically, of up to 115 line-pairs per 
millimeter. At the same time, such layers have 
exhibited cathodoluminescent efficiencies from 
13 to 17 lumens per wall. Although the effieiency
resolution product turns out to be the same as 
for P-20 powder screens, these films should be 
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useful where resolution is more important than 
efficiency, such as, for example, in multistage 
image tubes. 

Vapor-reacted zinc sulfitie layers which exhibit 
enhancement of luminescence under applied 
voltage and during electron bombardment offer 
up to an order of magnitude of improvement in 
efficiency resolution. These CEL (i.e., cathodo
electroluminescent) screens are brighter than 
P-20 screens in the range from below 10-5 to 10-2 

microamperes per square centimeter-by more 
than 10 times at the lower end of this range. 
A disadvantage of CEL screens for some image 
tube applications arc the long response times 
when compared to those for P-20 or other simple 
cathodoluminescent phw;phors. The long decay 
times of CEL screens need not be a similar 
disadvantage. 
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Appendix 

It is obvioul-l, for some image tube applications. 
that the CEl, screen response times will he a dis
advantage which more than offsets the improve
ment in efficiency-resolution that would be 
achieved by using a CEL screen. That this 
situation cannot be markedly improved by making 
small order refinements in zinc sulfide prepara
tions is evident from an appreciation of the CEL 
mechanism. The analysis i;; by no means pre
cise, but does plaee a reasonable limit on what can 
be obtained with the present approach and 
materials. 

Tn CEL, ineident e1cctrons control the number 
of free electrons in thc phosphor, and these in 
turn produce radiant energy in the form of visible 
light by accelerating in the direction of the field 
and giving up part of their energy in exciting 



lumint'sccnt centcrs. By C'onsiliering the eEL 
mechani;;m as composed of two part;;, the first 
effect becomes one of cathodoC'onduetion and thc 
second,onc of d.e. cleC'trolumine~cence. The first 
is the timt'-dependent, radiation-sensitive proccss. 
Similarly, the PET, mechanism could be thought 
of a" photoconductivc and d.c. elcctroluminescent 
part, herc photoconduction being the rate
detcrmining process depending on thc incident 
ultraviolet or visible intensity. 

For the photoconductive process, the Rosc
Redington 18 19 theoretical analysis has led to a 
maximum pcrformance cquation 

(Gain in electrons/incillent photon) 
(Response tim(' in sec.) 

< 1 ] W 
- (Res. in ohms) (Cap. in farads) 

Measured under irradiation 

which determincs the maximum gain and shortest 
time constant for a given condition of operation 
in terms of the mcasurable quanti tics of resistanC'e 
and capacitance during operation. ""Te can cx
tend this to apply to cathodoC'onduction under 
25-kilovolt eIeetron bombardment by writing 
(Gain in electrons/incident electron) (5XlO-~) 

(Response timc in 8eC'.) 

~ (Res. in ohms) ~Cap. in farads)] (4) 
Measured during bombardment 

The numerical factor of 5X 10-4 above takes into 
account the faet that it lake,; about 12.5 cv to 
form eaC'h eleC'tron hole pair from the incident 
25-kilovolt electrons. (This value is estimated 
from the 20-pcrcent C'athodoluminescent efficiency 
of zinc sulfide phosphors.) 

A CEL screen, with 40 VOltR appli('d and a cell 
area of 1 em2

, exhibited a steadY-Atate cathodo
currcnt of 1.5 rna under 25 kilovolt and 1O-4/La/cm2 

electron bombardmcnt. The cathodoconductive 
electron gain is thu8 1.5 X 107 and the rcsistance 

2.7X 104 ohmA. (These figures incidentally, repre
sent a cathodoconduetivc electrical power gain 
of", 2.5X104

.) The eapaeilanC'e, although not 
measured during bombardment as it rigorowoly 
should be, is estimatell from other measurements 
to be in the neighborhood of 4 X 10-9 farad,;. 

SuhHtitution of these values in Eq. (4) above 
givt's: 

(ResponAc timp in Acc.»0.75 ';Cf'. 

The rCRponRe time mt'aRured experimt'ntally for 

this sample under the exeitation conditions above 
is about 2 seconds. 

W-ithin the acpuraey of this approximat(' 

analysis, then, the CEL scr('cns arc exhibiting 
maximum cathodoconduetive pcrformance. 

Discussion 

J. F. ROESLER: Would you elaborate on the construction of vapor reacted phosphors? Can you give 
a referencc? 

D. A. CUSANO: Several references on vapor reaction and vapor-reacted phosphors are given in this 
paper (see refs. 2 and 11). Most detail is given in my doctoral dissertation, available from University 
Microfilms, Ine., Ann Arbor, Mich., in Xerox copy or microfilm. 

",,'. F. NIKLAS: ""Thai is the resolution of cathodoelectroluminescent phoRphor screens? 
D. A. CL"SA:-IO: As described in this papcr, a resolution of 65 line-pair,; per millimeter waR obtained 

optically for "'-'5 micron cathodoelectroluminescent phosphors (while voltage was applied). This 
measurement was made with 3,650 A ultraviolet. However, it is expeetell that resolution under electron 
bombardment will be the same or possibly bettcr. 

R. G. STOL'DENHEIMER: The light output of the cathodoelectroluminescent phosphor did not appear 
to approach zero at vcry low bombarding currents. Does this indicate a re"idual haekground brightness 
at zero bombarding current? If so, what is the level of this re"idual brightne,;s? 

D. A. CUSANO: A residual background brightness does occur for CEL samples at zero bombarding 
current, and it can vary from one sample to another in area uniformity and magnitude. Unlike two
layer EL-PC structures, the pho~phor in single-laycr inten"ifiers is always under field stress, regardless 
of the level of irradiation. For the samples of figures 17-6 and 17-7, the hackground levels arc 0.01 
foot-lambert or Jess. 
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18. TRANSMISSION SECONDARY EMISSION FROM LOW DENSITY 
DEPOSITS OF INSULATORS 

G. 'v. GOETZE, Research Laboratories, 1f~eslinp,house Electric Corp. 

Introduction 

The principle of transmission type-secondary 
electron multiplication has been applied success
fully for current amplification in several direct
viewing image amplifiers.1 

2 Up to the present 
time, the secondary electron yield from insulating 
films deposited on a thin, electron permeable metal 
foil has been limited to a maximum of about 6 to 8 
secondaries per primary electron incident on the 
front surface. 

It is evident that for many reasons, it is desir
able to increase this ratio. Since the total gain 
of such an image amplifier is proportional to 
the mean dynode yield to the nth power, where n is 
the number of dynodes, at least 4 to 5 dynodes are 
required in order to obtain an electron crain in 

b 

excess of 1,000 required for the photographic 
recording of single photoelectron events using 
typiral refractive optics. The total number of 
stages, however, determines the resolution which 
can finally be obtained, so that the ultimate 
resolving power is improved if fewer stages re
suIt in the same overall gain. 

The contrast degradation of such image ampli
fiers is, among other factors, determined by the 
ratio of penetrating primaries to true secondaries. 
The penetrating primaries are not focused from 
stage to stage, and cause a general background at 
the tube output. Thi" effect can seriously limit 
~he detectability of a weak image against a high 
Image background. Therefore, an increase in the 
ratio of secondaries to penetrating primaries will 
improve the contrast performance. In addition, 
it. can be assumed that dynodes with high yields 
WIll have a more favorable statistic of amplifica
tion. A third reason for dynodes with higher 
secondary yield i8 the fact that the overall tuhe 
voltage can be held much lower for the same over
all gain. 

The standard films, consisting typically of a 
compact layer of alkali halide-such as potassium 

chloride-about 500 A thick, are prepared by 
vacuum evaporation onto a conductive backing. 
The conductive backing of 200-300 A Al i8 
carried either by a coarse metal mesh or by an 
edge-supporter! film of aluminum oxide of about 
the same thickness. 

Significant charging of the secondary emitting 
insulator surface has not been observed. It has, 
however, long been recognized that much greater 
yields can be obtained when internal electric 
fields exist in the secow!ary emitting layer that 
enhances the emis~ion process. For cxample, 
very high yields have been ohserved in reflection 
by Jacobs and coworkers :l from porous magnesium 
oxide layers if the surface was charged up posi
tively to giye elcctric fieMs of the order' of lOr, 
V (em across the layer. These authors reported 
secondary emission ratios a~ high as 10,000 to I, 
but they also stated that the mechanism causing 
these high gains is fundamentally different from 
the standard emission phenomenon. They ex
plain this mechanism of field dependent secondary 
emission as a process similar to that of a Townsend 
avalanche, where a true secondary electron is 
accelerated sufficiently within the porous layer by 
the electric field so that adrlitional multiplication 
can take place. This effcct was neyer investigated 
for transmission secondary cmission. J t appeared 
also douhtful that this type of emission could be 
used for imaging purposes since it is well known 
that the sccomlary emis8ion from such layers 
responds ~Iowly and is very noisy due to the 
involved mechanism of multiplication. 

However, the yery good agreement between 
experimental evidence given by Jacobs and his 
hypothosis of a Townsend avalanche in thc porous 
layer, which can be thought to be a gas of rather 

large molecules under ycry high pressurc, sug
geste(! the possibility that there might also exist 
the effect which may be compared to the mode of 
operation of an ionization chamber. Tn this case, 
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one would have to change conditions, that is, the 
applied field and the particle density, 80 that the 
inter~al field within the porous layer enhances 
the escape probability of the secondaries, but 
does not lead to additional ionization and break
do'W-u. Tn order to investigate this possibility, 
transmission-type dynodes were made with low 
density deposits of various insulators such as Kel, 
MgO, and BaFz. 

Certain Basic Properties of Dynodes With 
Low Density Deposits 

These dynodes comist of a thin film of Al of 
about 300 A thickness which is supported by a 
coarse ~i mesh, having 20 holes per linear inch 
and a wire diameter of 0.5 mil. The mesh is 
mounted on a stainless-steel ring with an inner 
diameter of 1 inch. The secondary emitter is 
evaporated from a tantalum dimple which is 
placed 2 inches from the substrate in an argon 
atmosphere at a pressure of 2 mm of ITg. The 
preRence of the inert gas during evaporation re
sults in a very porous layer of the emitter on the 
Rubstrate. The den,~it)" of this layer is one-to-two 
orders of magnitude below that for vacuum evap
oration. It varies with the pressure of the inert 
gas. It is also a function of the distance between 
crucible and substrate, the substrate temperature, 
and depends on rate of evaporation. Figure 18-1 
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FIGURE 18-I.-Relative density as function of inert 
gas pressure. 
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FIGURE 18-2.-Demollntable system for dynode testing. 

shows a plot of density versus pressure for a 
given set of conditions. 

The dynodes are inspected by optical and direct 
weighing techniques. It waR found that the best 
layers possess a density of 1 to 5 percent of the 
bulk material. Typical thicknesses range from 
10 to 40 jJ., which is equivalent to 100 to 400 
p.g/cm2

• These dynodes are pretested in a de
mountable electrode arrangement shown sche
matically in figure 18-2. 

An electron gun supplies the primary electrons 
which form a raster of about 1 cm2 on the dynode 
to be teRted. Typical heam currents are 10-8 to 
10-9 amp. The energy of the primary electrons 
can be adjusted between zero and 10 kv by a 
variable power supply connected between the 
cathode of the gun and ground. The conductive 
backing of the dynode is connected over a vacuum 
tube electrometer to ground. A positive voltage, 
Vc , which can be varied between zero and 2 kv 
is connected over a second vacuum tube elec
trometer to a fine grid. This grid is placed about 
6 mm apart from the emitting surface of the 
dynode-this distance may be changed without 
affecting the results. In normal operation, the 
aluminized phosphor is connected to this grid 
and the secondary current, 12, is collected by 
these electrodes and indicated by the second 
meter. The difference, 12-11, in the reading of 
both meters indicates the primary current. The 
phosphor can all;o be connected to a post-accel
erating voltage, VPR , in order to display and 
center the raster, and to check if any localized 
emission takes place which will show up as bright 
spotl; superimposed on the raster. 

Early tests indicated that although high yields 
could be ohtained, it proved difficult to prevent 
localized emission centers and im;tabilities. The 
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FIGURE 18-3.-Secondary yield of low density KCI layer 
as function of primary electron energy for different 
collecting voltages. 

KCl-low-density layers could be formed, however, 
in such a manner as to give uniform yields without 
instabilities, provided that the grid potential, Ve, 
was not allowed to exceed a certain critical value. 
Typical results obtained for the stationary sec
ondary yield as a function of primary voltage for 
various grid voltage settings are shown in figure 
18-3 for the case of a KCI target 12 JJ. thick. It 
is seen that as the grid voltage is raised and, 
thereby the internal electric field is increased, the 
yield reaches much larger values than cah be ob
tained in the absence of such a field. As the 
collecting voltage is further increased, a saturation 
effect becomes noticeable so that no further signif
icant increase in yield takes place. This depend
ency of the yield on collecting potential may be 
even more clearly seen in figure 18-4, where the 
yield is plotted as a function of collecting voltage 
for a fixed primary energy. Initially, 5 increases 
quite rapidly with Ve until it approaches a limit
ing rate and may eventually level off to a plateau. 
Still further increase of Ve leads to a rapid rise as 
indicated for the 5 kv curve, which is found to be 
associated with high instability and visible local
ized discharges that may become self-maintaining. 

Figure 18-4 is seen to be very suggestive of the 
characteristic current-voltage curve for a gas dis
charge with its initial rise followed by a plateau 
and finally another steep rise in current. 

The situation believed to exist in these films is 
stated below. As a result of secondary electrons 

40 

36 

32 

28 

24 

20 

16 

12 

8 

4 

I 
I 
I 

5 kv .,,1 __ -l'--o----

FIGURE 18-4.-Secondary yield as function of collecting 
potential for different primary electron energies. 

escaping, the positive charge density will be great
est near the exit surface, giving rise to an internal 
field directed so as to superimpose a drift velocity 
of the secondaries toward the surface. 

The maximum potential which the exit surface 
can assume with reRpect to the conductive backing 
is that of the collecting electrode. Under this 
condition, the electric field across the low density 
layer becomes Veld, where d is the thickness of the 
layer. It was found that local breakdown takes 
place whenever a field strength of about 5 X 105 

V Icm is exceeded, which means a collecting voltage 
in excess of 500 V for a layer 10 JJ. thick. 

A finite time, t, is required to charge the exit sur
face up to the collecting electrode potential, Ve, 
and therefore to obtain a stationary secondary 
yield. During this time, a steady increase in 
yield from initially rather low values is ob"erved. 

The following equation, representing the rela
tion between charge and voltage of a parallel plate 
condenser, has been found to be in very good agree
ment with experimental observations: 

VVe·1Q-13.A scc 

d('6-1)Jp' V em 

where 5 is the average yield during time t, and J p 

is the beam current density. D is the dielectric 
constant which was assumed to be unity, since 
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more than 95 percent of the volume occupied by 
the low density deposit is vacuum, and d is the 
thickness of the layer. It is found that it takes 
many hours at typical current densities encoun
tered in imaging of 10-12 amp/cm2 or less, before 
the saturation in secondary current is reached and 
a stationary high yield i" obtained. Alternatively, 
it is possible to charge these dynodes almost in
stantaneously by flooding with correspondingly 
higher current densities. Once equilibrium is 
established, the surface charge does not deteriorate 
for many hours due to the very high resistivity 
of such layers and the response time is extremely 
short. I t should be mentioned in this connection 
that pattern storage is possible in these films when
ever they are not uniformly charged to saturation. 
These memory properties are presently being 
investigated at our laboratories. 

From the experiments described, it appears 
that internal electric fields in porous deposits of 
insulators allow one to extract a large fraction of 
all the secondary electrons formed by the primary 
ionization mechanism. It is therefore apparent 
that, in addition to true secondary emission with
out field enhancement and the phenomenon of 
secondary electron induced internal multiplica
tion processes, the effect of secondary emission 
with field enhanced escape probability also exists. 

Application of Low Density Deposits in 
Image Amplifiers 

After these encouraging initial results, several 
image amplifier tubes were constructed to test 
the imaging characteristics of such films. They 
consist of a cesium antimonide photo surface, a 
single high-gain dynode, a potential control grid, 
and a blue PH-type phosphor. The useful area 

Low Density 
Deposit of 

KCf 

-HV 

::"'-ContrOf Screen -Aluminized 
Phosphor 

+HV 

C8XXXXXXXXXXXXXl 
FIGURE 18-S.-Cross section of image amplifi .. r wilh high

gain dynode. 
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FIGllRE 18-6.-Photograph of image amplifier. 

is I inch and focusing is accomplished by an axial 
magnetic field. A cross section of such a tube is 
shown in figure 18-5. Figure 18-6 shows a photo
graph of a sealed-off tube. In testing these tubes. 
it was found that the election gain of the dynode 
was, in general, slightly higher after processing 
of the photocathode. Most of the tuhes so far 
built could be operated with stable electron gains 
in excess of 50. The electron gain as a function 
of primary energy in one of these tubes with a 
particularly heavy dynode (40 p,) is "hown in 
figure 18-7. At the point where an electron gain 
of 100 was measured, "scintillations" in the illu
minated areas became visible, indicating localized 
discharges across the low density layer. 

The photon gain of these tubes is in the order 
of 1,000 to 2,000. A photograph of a test pattern 
taken with such a tube is shown in figure 18-8. 
TIie two meshes superimposed on the pattern are 
the dynode support and the potential control 
screen. The distance between two wires of this 
mesh is 1.25 mm. The photographed resolution 
is, therefore, found to be IS lines/mm. ;\fore 

recent experiments have shown that resolution 

in excess of 24 lines/mm can be obtained with 
such tubes. The contrast degradation was found 
to be substantially less than that observed in 
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FIGL'RE 18-7.-Electron gain as function of primary volt
age for a sealed-off tube. 

tubes at comparable gains using conventional 
dynodes. 

The phenomenon, field-enhanced transmission
type secondary electron emission from low density 
deposits of suitable insulators, will need further 
investigations before the physical principles in
volved may be regarded as completely understood. 
It has been demonstrated, however, that this 

FIGURE l8-8.-Test pattern as reproduced by two-stage 
image amplifier lube. 

effect can be employed usefully III practical 
devices. 

Acknowledgment 

It is a pleasure to acknowledge the very helpful 
interest and support of :\fr. A. E. Anderson, in 
whose department this work was carried out. 
Thanks are also due Mr. D. D. Doughty for con
struction of tbe image tubes and Dr. E. J. Stern
glass for helpful discussions. Part of the research 
reported in this paper has been made possible 
through support and sponsorship extended by 
the Electronic Technology Laboratory of Wright 
Air Development Division under contract AF33 
(616)8017, which is greatly acknowledged. 

Discussion 

G. A. MORTON: Once the film surface has been charged, what is the speed of response of the layer 
to changes in current density? 

G. W. GOETZE: We have measured it to be faster than 10- 7 sec. 
M. H. ZINN: Have you measured the velocity distribution of the secondary electrons? Based on 

MgO results, you may have more electrons over 50 volts (defined previously as transmitted primaries) 
than are actually transmitted through target_ 

G. W. GOETZE: ~o; we have not yet mea;;;ured the velocity distribution of the seconthry electrons 
from these layers. 

W. T. POWERS: Can one integrate an image on the dynode and then read it by flashing a light into 
the tube? 

G. W. GOETZE: Yes; one can_ We have, for example, integrated a low light level image on an initially 
uncharged target for about 30 minutes. The signal could then be displayed by uniform illumination of 
the photocathode. 

W. F. KIKLAS: In London, you reported longer delays. Now you mention 10-7 sec. Would you 
elaborate on this? 

G. \V. GOETZE: One has to distinguish between the response time due to an instantaneous signal 
which is very fast «10- 7 sec), and the time required to charge the exist surface of the dynode up to a 
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certain potential which is a function of the primary current den~ity, and can therefore be very long for 
low current densities. 

D. A. CVSA"'O: Since one is achieving here a major fraction of the high secondary emission yield 
due to field-assisted transport of electrons from the interior and incident sides of a TSE target, should 
not one examine other materials than alkali-halide targets, putting more attention on good transport 
properties rather than low field or "no field" conventional secondary emission characteristics? 

G. W. GOETZE: This should be very interesting indeed, and we are planning to do 80. 
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19. FIELD-INDUCED PHOTOEMISSION* 

R. E. SIMON and W. E. SPICER, COnl'('rs;on Dezices Laboratory, Electronic Tube Dil'ision, Radio Corp. of 
America 

Field-induced photoemission is an effect in which 
electronR are excited from a solid into vacuum in 
response to incident radiation. Unlike conven
tional photoemission in which all of the escape 
energy comes from the radiation, in field-induced 
photoemission part of the energy which an elec
tron must have to escape from the solid is pro
vided by an electric field. This effect openA up 
the possibility of relatively long wavelength infra
red photoemission and also of developing a photo
emitter sensitive through the visible and the near 
infrared. Field-induced photoemission wa" first 
observed during the course of work supported by 
the L.S. Army Signal Research and Development 
Laboratory . Work on thi:; effect has ,mbsequently 
been supported by ERDL. 

In conventional photoemission, a photon must 
excite an electron from its equilibrium energy 
state in the solid to the vacuum potential. Since, 
in photoemitters of high quantum yield, the elec
trons are excited from the valence hand, the 
minimum energy which a photon mm;l have in 
order to cause the ejection of an electron is the 
energy band gap of the semiconductor, E g , plus 
the electron affinity, x, as shown in figure 19-I(a). 
In field-incluced photoemission, the photon excite,.; 
an electron only acros;; the band gap and a local
ized internal electric field accelerates the electron 
to sufficient kinetic energy to allow it to escape 
over the surface barrier. In the emitter shown 
in figure 19-1(b), the localized electric field is 
provided by a reverse biased p-n junction. Al
ternatively, it may be provided by means of a 
surface barrier layer or a thin in,.mlating layer 
across which a potential is applied. 
It is convenient to divide field-induced photo

emission into three steps: (1) excitation of 
carriers by light and difful;ion to the high field 
region; (2) acceleration to high energy in the high 

field region; (3) motion of carriers to the surface 
and emisRion. The excitation of carriers can he 
descrihed in terms of the optical absorptiob con
stant. It is well known that the mechanism of 
ah"orption of photons in the vicinity of the hand 
gap in semiconductors is usually through the pro
duction of electron-hole pairs. Goucher I has 
shown that one electrOQ-hole pair is produced per 
absorbed photon to an accuracy of 10 to 15 percent 
in the wavelength region from 1 p. to 1.7 p.. The 
diffusion of electrons to the high field region can 
be described in terms of the diffusion length for 
minority carriers.2 It should be noted that the 
excitation and diffusion of carriers in field-induced 
photoemitten; is similar to that in p-n junction 
photoconductors. 

The acceleration of electrons to high energy in 
the high field region of the p-n junction is the deci
sive aspect of this device. The energy which an 
electron in the conduction hal)d of a semiconduc
tor can gain from an electric field is limited by the 
strength of interaction of the electron with the 
semiconductor lattice atoms and with the other 
electrons in the solid. At low electric fields, the 
principal interaction between an electron and the 
lattice occurs through excitation and absorption 
of acoustical phonons. However, as the electric 
field is increased, many of the electrons gain 
enough energy to excite optical phonons (· ... ..,0.03 
ev in germanium).3 Since in ~ach interaction a 
relatively large amount of energy iii transferred to 
the lattice, interaction of an electron with optical 
phonons is an important energy loss mechanism. 
The mean free path of an energetic electron 
between interactions with optical phononI' has 
been estimated to be about 200 A.4 At higher 
fields, the electrons have enough energy to excite 
a valence band electron into the conduction hand 
leaving a hole in the valence band. The thresh-

'The re"earch reported in IhiB paper has been sponsored in whole or in parI by the Engineer Research and Develop
ment Laboralories, ForI Belvoir, Ya., under conlract DA·U-009-ENG-·iS90. 
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FIGURE 19-1.-S('h('ruali(' band diagrams of (a) a conven· 
tional photoemilter, (b) a p-n jnnction field·indlw('d 
photoemit !('r. 

old for this pair production interaction, Epp, has 
been found to be about two to four time" the band 
gap energy. When an electron has sufficient 
energy to produce pairs, this interaction occurs 
with high probability (with a mean free path of 
15 1).' It is believed that because of this inter-
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action, the number of electrons with energy above 
the threshold for pair production is relatively small. 
Thus, this energy is effectively the upper limit of 
the electron energy distrihution. In addition to 
these interaetions, intervalley scattering must he 
considered when a material with a many-valleyed 
band structure, such as germanium, is considered.5 

~-hile the mechanisms outlined above are well 
recognized, an adequate theoretical treatment of 
these in the high field region of a p-n junction has 
not been made. 

The third step in the emission process is the 
transport of energetic carriers to the surface and 
emISSIOn. Figure 19-2 shows schematically the 

FIGURE 19-2.-Schematic energy distribution of electrons 
after passing through the high field region of a reverse 
biased p-n junction. 

electron energy distribution at the end of the high 
field region. The distribution is, for the purpose 
of discussion, arbitrarily chosen to resemble a 
Maxwell Boltzmann distribution at low energies, 
but is cut off sharply at the threshold energy for 
pair production for reasons described above. For 
the purposes of illustration, let us neglect the iSta
tistical nature of the energy loss processes and 
assume that each electron with energy greater 
than X loses energy .1E in moving from the high 
field region to the surface. The energy lost in 
tra veling to the surface is proportional to the 
distance the electrons must travel. The electrons 
which can he emitted are those with energy 
greater than x+~E. It i8 evident than that in 
order to obtain appreciahle field induced photo
emission, the electron affinity must he low and 
the high field region must be dose to the surface. 

From the discussion given ahoye, it can be 
seen that the materials from which a field-induced 
photoemitter can be made should have the fol
lowing properiies: In the region where electrons 



are excited, the material must absorb radiation 
in the wavelength region of interest and the ah
sorption length must be smaller than, or com
parable to, the diffuRion length. In the high field 
region and between the high field region and the 
surface, the material must have a high threshold 
for pair production, and the interaction between 
the energetic electrons and the lattice mu"t not 
be strong. The surface of the emitter mURt have. 
a low electron affinity. Finally, it must be tech
nologically possible to fabricatc the device from 
these material". 

Several examples indicate how difficult it is to 
satisfy all of these conditions with a single mate
rial. Some ionic crystals such as CsP have ex
tremely low electron affinitietl, but electrons inter
act strongly with the polar optical phonons in 
these materials, and it i" probably not possible to 
accelerate electrons to high enough energy with
out breakdown occurring. 7 Materials with strong 
absorption in the infrared are expected to have 
low threshold energies for pair production. Sili
con and germanium, which satisfy most of the 
other requirements, haye high electron affinitie:-l 
("-'4ey). 

Most of our work has been done on silicon and 
germanium using a cesium surface treatment to 
reduce the electron affinity. ·We have found that 
the adsorption of approximately 3XIOH cesium 
atoms on the surface of silieon crystals which 
have been etched and then heated to about 8000 

C in vacuum produces a reduction of the photo
threshold, ET , from 4.8 ev to 1.4 ev. A similar 
reduction is found in the photo-threshold of ger
manium. From the photo-thresholtl measure
ments, it is not possible to derive a value for the 
electron affinity Rinee it is not known whether the 
electrons originate in the valence or conduction 
band of the semiconductor. If they originate in 
the conduction band, the electron affinity is equal 
to E T • If they originate in the valence hand, the 
electron affinity is ET - Eg or 0.3 ey for silicon. 

Field-induced photoemission was first observed 
from silicon 8 as shown in figure 19-3. The ~che
matic diagram of the experimental tube in the 
inset of the figure shows the geometry of the crys
tal. The silicon crystal contained a grown p-n 
junction which was perpendicular to the emitting 
sur(ace. After treating the crp;tal with cesium, 
the photoelectric yield curve with no voltage 
applied was obtained. ""ith a reverse bias of 9 
voltl-i applied across the p-n junction, the photo
electric threshold was moved from] A ev to 1.1 ev, 

636674 0-62--10 

- -------.------~ 

9 VOLTS APPLIED 

NO VOLTAGE APPLIED 

/COLLECTOR 

I 

§.~ LIGHT 

pen JUNCTION 
----------- -' -- ---, 

1.8 22 2.6 30 3.4 3,8 

PHOTON ENERGY (ev) 

FU;t:RE ]9-3.-Spcctral response of eonv<'nlional photo
emission (no vultage applied) and fieid-in.]I1," .. ,) pholo
emission from a ccsillm tr .. ated silicon p-n jllnction. 
Inset ,hows schemati" ,Iiagram of thc experimenlallllbe. 

the band gap energy of silicon. By imaging the 
source of the fieM induced photoemj,.;sion on a 
phosphor screen, it was shown that the emission 
came from the region where the p-n junction 
interse~'ts the emitting surface. The photoemis
sion with no internal field applied came from the 
entire surface. The quantum yield "hown in 
figure 19-3 is not ah~olute since the light beam 
wa,; larger than the emitting area. In order to 
determine the quantum efficiency in the most 
sensitive region of the field-induced photoemitter, 
an apparatw; was constructed with which a small 
spot of light coul.l be made to traverse the surface 
of crystal, and field-induecd photoemission was 
measured as a funetion of position along the erys
tal. The result:.; of these measurements are 
I-ihown in figure 19-·1. "'hen the width of this 
beam and the shape of this curye are taken into 
account, a lower limit for field-induced photoemis
sion is found to be 10-3 electrons per incident 

photon. This is a lower limit heC1use the emit
ting region may be ;.;maller than the light spot and 
the tails on the "ides arc probahly caused by dif
fusion of electrons to the junction. Thus the 

emission take;; place from a region Ie,;,; than a few 
tenths of a millimeter wide along the cry,;tal. It 
should be emphasized that thi:; value for the quan

tum effi('iency is a lower limil for this sample. It 
is not the maximum quantum efficiency, "inee 

139 



r-z 
0 
en -
~ 
::!!: 
w r-
g 
0 l-I 
n. 
0 -W 
u 
::> 
0 -
z 

\ 0 - ) ...J 
W 

I ii: :8 :6 ·,4 :2 0 .2 .4 .6 .8 

DISTANCE FROM JUNCTION (mm) 
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the junction. 

there is no reason to believe thi~ geometry and 
cesium trealllH'nt are optimum. 

Measurements u;;ing a sample of "imilar geom
etry have been made using a germanium p--n 
junction.9 In these measurement~, the results 
~hown in figure 19-5 were obtained. Again, it 
can be seen that with no field applied across the 
crptaI, a photoelectric threshold of lA ev is ob
served. However, when reverse bias is applied 

GEHMANIUM 

..... 
• E'XPERI MENTAL DATA 

-CALCULATED CURVE 

6 VOLTS APPLIED 

PHOTON ENERGY (e v) 

FIGt'RJ<: 19-5.-SpectraI resl'0'h,e of conventional (no field) 
and field induced I'hoto('mis~ion from c('sium.treated 
germanium p-n jun.-lion. T,u'et "hows fit between ex· 
I'erimental results and the ralculated rllrve. 
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a('ross the crystal, the photoelectric threshold i" 
extended to 0.7 ev or about 1.7 J.l.. The very flat 
shoulder ,Iue to field-induced photoemission can 
he explained simply in terms of the spectral de
pendence of the optical ab,.;orption of germanium. 
If a simplified geometry is aSimmed, the following 
expre;;sion for the ;:pectral depenllence of field 
induced I'hotocmission can he derived.S 

a IS the absorption constant for a photon with 
energy (hv), L i" the diffu;:ion length, and C is a 
constant proportional to the probahility that an 
electron reaching the junction is emitted. The 
inset in figure 19-5 shows the fit hetween the 
calculat('d and experimental curv('s. A "imilar fit 
can be ohtained with the field-induced photo
emisflion from I'ili('on where the spectral responflc 
does not rise as sharply as from germanium. As 
in silicon, the emisBion ha" heen shown to come 
from a small region where the junction intersects 
the emitting surface and values for the photo
eleetric yield of field-induced photoemission shown 
in figure 19-5 are too low by a factor of at least 30. 

The voltage d('pendence and the dark current 
for the germanium P-ll junction is shown in figure 
19-6. The magnitude of the field-induced photo
emission current is arhitrary 8ince it depend" 
upon the light intensity. The dark current or 
hot electron emission ifl due to thermally excited 
electrons on the p side of the junction which dif
fuse to the junction and to thermal excitation in 
the junction. This can probahly he greatly re
duecd by u;:ing junetions with improved reverse 
characteristics or by cooling the cry,;tal. The 
point where the voltage dependence of fiel,I
induced photoemission deviates from the hot elec
tron emission is prohahly where pair produetion 
hegins . 

It is obviouR that if field-induced photoemisflion 
i" to be used in a practical device, an emitter of 
,.;uch a geometry that emission can be obtained 
oyer a large area must he developed. \Iuch of 

our recent effort has been directed toward fabri

('ating such devices hy producing P-ll junction,.; 
parallel to the emitting surface hy diffusion. Since 
the depth of the n-type skin must he made ex
tremely thin--on the order of 200 A -new tech
nology must be developed. Howeyer, no IOSU

perahle difficultie,; appear to he present. 
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It Hhould be emphasi7.ed that the systcms de
scribed above are only a few special cases of the 
principle of field-induced pholoemission. i\J any 
other materials and combinations of matcrials are 
useful in devices in which radiation is uscd to 
excite carrierfl and an electric field is used to emit 
thcm. Scveral examples are shown in figure 19-7. 
Figure 19-7 (a) "hows an cmitter in which thc in
version layer at thc semiconductor produce4l by 
adsorhing sesium on the surface is used to providc 
a high field region. ·Figure 19-7 (b) shows a p-n 
junction hetwcen different materials where long 
wavelcngth radiation is uscd to excite e1ectronf! 
in the narrow band gap material, but thc aceel
eration to high encrgy takes placc in a wide han<1 
gap material where the thre"hold for pair produc
tion is large. In figure 19-7(c), a devicc analo
gous to a phototran~istor is shown where radia
tion absorbed in the p-type material if; uscd to 

(bl 

(el (dl 

FU;URE 19-7.-PORsible configurations for field-induced 
photoemi t (('r8. 

c~ntrol the flow of electrons to the high fiell} 
region. The number of electrons controlled per 
photon can bc as high as 100.10 In figure 19-7 (d), 
a metal-insulator-metal sandwich is shown in which 
radiation cxcites electrons ovcr the barricr into 
the conduction band of the insulator where the 
high field accelerates it to energies where it can 
pass through the metal into vacuum. ~J any 
other configurations are possible. 

The greatest potential of field-induced photo
emiRsion is in detection of infrared radiation. 
This effect may 'make possible image orthicons 
and image intensifiers sensitive to infrared. It 
can make poHsible infrared multipliers of high 
sensitivity. It is believed that the dark current 
can be reduced by cooling. Assume that thc 
noise in the dark current can he reduced by cool
ing to 10 counts per sec. Then a field-induced 
photoemilter with a quantum yield of 10 perccnt 
will have a noise equivalent power (~EP) of 
4X 1O-1~ walts for radiation of 5 microns. 

In evaluating til(' potential of field-induced 
photoemission, one must keep in mind the many 
unsuccessful attempts to extend the range of 
conventional photoemission into the infrarcd. 

Field-inducer! photo('mission is a new ana prom
ising approach to this problem. 
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Discussion 

M. P. WILDER: What was the collector potential? 
R. E. SnlO:'<: 67.5 v was used as the collector voltage. 
G. SeITs: Why do you wish to avoid the condition of pair production while the vacuum tube 

intemifier dei'igners work hard to get all the "pairs of secondaries" they can get? 
E. E. SDIO'.': In a semiconductor where both electrons and holes can produce pair", an effect can 

occur which is analogous to thc Townsend discharge in gases and makes the multiplication unstable. 
Therefore, when a ficld-imluced photoemitter i" biased in the multiplication range, the emission current 
tends to he no longer proportional to the incident radiation. 

"-. F. 1\IKLAS: "-ould it be possible to allow pair production to accelerate the electrons thwl pro
duced again, pos;;ibly in a manner similar to the electron emission from Ah03? 

R. E. SIMO'.': This would be possible if only the electrons or only the holes produced pairs 80 that 
the regenerative mechanism mentioned in the answer to the previous question was not operative. 

G. A. MORTO~: "-ould you expect the directions of the "hot" photoelectrons to be randomized in 
the short distance of the surface junction? If they are not random, will not the quantum efficiency 
be higher? 

R. E. SHIO'.': The exact form of the electron velocity destribution is not known, but the scattering 
by phonons is isotropic. If the mean free path is greater than, or comparable to, the distance between 
the junction and the surface, the distribution will be directed toward the direction of the electric field. 
If the electric field is perpendicular to the surface, then increased quantum yield would be expected. 
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20. FIBER OPTICS COUPLING FOR MULTISTAGE IMAGE 
INTENSIFIERS 

N. S. KAPA:"Y, Optics Technology, Inc. 

I. Introduction 

During recent years image intensifiers have been 
developed in which photoelectrons emitted from 
a photocathode are accelerated to form an intensi
fied image on a phosphor screen. It is natural 
that a number of attempts have been made to 
obtain high image intensification by cascading 
these image tubes. Table 20-1 includes typical 
parameters of some of the present multistage im
age intensifiers. Successful fabrica tion of small
size image intensifiers with high resolution and 
high photometric gains would obviously give rise 
to a variety of novel applications. The problem 
of coupling several intensifier tubes together is of 
major importance both from resolution and lio-ht 
collection efficiency stand-points. Three :p
proaches to solve the coupling problem are possi
ble: (1) a fast lens sy!Stem; (2) thin transparent 
membranes; and (3) high resolution and high 
numerical aperture fused fiber optics. 

The method of using a fast lens or mirror system 
to focus an image of the cathode of the preceding 
tube to the anode of the next is obvious. How
ever, the requirements on the optical system are 
severe. It is required to work at low aperture 
ratio so that it can collect a large fraction of the 
photons emitted by the phosphor which emits as 
a Lambertian source. Furthermore, the resolu
tion requirements are high for large field angles 
and low aperture ratio. As an example, an f/l 
lens working at unit magnification collects only 
about 9° of the light emitted by the phosphor in 
the forward hemisphere. This contains only 2 
percent of the total energy with additional losses 
with!n the lens !System. Thus, a lens system is 
conSidered to be highly wasteful and bulky for the 
purpose of cascading interstages. With the de
velopments of high-resolution electron-optical 
"ystems, an even more severe demand is placed on 
the lens designer bec:lUse of the requirements of 
high resolution over wide field as well as high 
numerical aperture. 

The second approach to this problem consists 
of using a thin membrane of the order of S to SO 
microns thick, with the phosphor deposited on one 
side and the photocathode on the other "ide. Thi" 
system is capable of higher photometric efficiency 
than a lens system. However, it is not only frag
ile but, as will be iihown in section II, also intro
duces loss in resolution. It will be shown that 
the resolution of this system is governed by the 
thickness of the transparent membrane, the spot 
size on the phosphor, and the angular emission 
characteristics of the phosphor. Experimental 
measurements on the emission characterist.ics of 
the transparent and settled phosphors, as well as 
the loss in resolution caused by a SO-micron-thick 
membrane, are made and will be described in 
section II. 

By far the most efficient method of interstage 
coupling is considered to be the use of fused fiber 
optics.! 2 3 With the availability of fused plates 
of 5-micron or smaller fibers and ~.A.~ 1, it has 
become possible to collect most of the light emitted 
by the phosphor and conduct it to the photocath
ode at the other end. An imao-e resolution of 

'" 100 lines/mm and higher is quite feasible with fiber 
optic". A practical advantage offered by fiber 
optics lies in the fact that each stage can he con
structed, processed, and tested separately, and 
only stages with high performancc need to be 
cascaded. This would reduce the rejection rate 
inherent in the existing method of processing multi
stage image intensifiers. 

However, a great deal of confusion and mis
understanding exists regarding optimum require

ments of various parameters of fiber optics cou
pling plates. Various important characteristics of 
fu"ed plate,; for coupling may be cla>lsified as 

follows: 

(a) The Jiber numerical aperture N.A.=(N~ 
- N!) %.-This is governed by the refractive index 
of the fiber core (N,) and the coating material (N2). 
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TA BI,E 20-1.-Typical parameters of some of the present multistage image intensifiers 
-- --- ---------

Cascade intensifier I Image converter diodes 
Transmission Channeled (3-stage) 

Type 
secondary image in- I~-
emission tensifier 

I 
External Internal (6-sta:ge) (5-stage) Present Under de-
couplin~ couplin~ (single- velopment 
(3-stage (3-stage stage) 

Per stage ..... 5....... ... 6-8 ............ 2-3 ....... . 
Electron gain 

Overall ...... . 2,000. . . . .. 1,500 ......... . 

Per stage ..... 102 •••..... 50 ......... 102 .••••••...•••••.•...•••• 10 ......... '1_3_0_. ___ _ 

Overall ....... 10' ........ 105 ........ 7.2XI04 ............................... 'j' 103• 

Photon gain 

First cathode diameter, em .... S-10 ....... S .......... 2.S ............ S .......... 3 .......... ~---
Cathode type... . . . ... . . . . . .. ShCs3•.•••. ShCs3•...•• ShCs3•.•.•..... ShCsJ •.•.•• ShCss,." .. ShCss I-YI 

group and 
multial· 
kali. 

Cathode sensitIvIty, micro- IS., ... " .. 15 ......... 10 ............. ' 10 ......... 30 ......... SO. 
amps/lumen. 

Screen phos
phor. 

1----------1--------
Type. . .. . . .. Pll, P20 or Pll. 

PIS. 
Pll . . .. .. . . . . .. Pll, P20. .. PlI........ Pll and 

transpar. 
ent. 

Diameter, em. 5 .......... 5 .......... 1. ............. 2.S ........ 3 .......... 10. 

AI-KCI. .. ' . . . .. Ag-Mg .... . 
ALO;-AI-KCI. .. Be-Cu .... . 

Dynode .................... . 

Dynode diameter, em ........ . 1 .............. 2.S (SO mesh ' ..... , ..... . 
screen). 

--------------1----·- -----------------------
Overall voltage. kv ........... 12-18 .... .,. 10-20 ...... 3S ............. 2 .......... 12 ......... 2S-S0. 

C-o-u-p-li-n-g-. -.. -.-,-.-. -. -.. -.-.-.-.-. -. -, .-.-.'I-I-,e-n.;;-:-e-s-o-r-I Glass hulh ..............•..... , ............. , ... ,.,. Fiber fused 
filaments. coupling 

(Fused plates of fibers plates. 
under experimental 
study). 

_L_im_it_in_g_r_es_o_h_'_ti_on_, _I._p_./_m_m_. _. '_1_1_5_-_2_0_._. _. _ .. _.18-]5 ....... IS ............. , 13......... 10 ......... 50-100. 

Operation ................... Linear ac- I Linear ac- Magnetic Linear ac- Without· Without 
celeration. celera tion. focusing. celera!ion. electro- electro-

optics. optics. 

--~--------'----.----'-.---------- - -----~~---"-------'-------'------

This term governs the acceptance angle and there
fore the light-gathering power of the fiber. When 
fibers of l\.i A. less than one are used to transport 
light from a phosphor, a certain fraction of energy 
refracts out of the fiber and contributes to the 
degradation of contrast in the image. 

(b) lnterstitial absorbing coating.-A second 
coating to each fiber, if it is highly absorbin/! in 
thicknesses of the order of a few wayelengths, is 
useful for eliminating the energy refracting out of 
fibers of ~.A.< 1, as~~elI as eliminating the energy 
incident in the interstitial regions within the fibers. 

(c) Resoilltion.-For perfectly insulated fibers 
the limit to the resolution is set by the fiber di-
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ameter. It IS possible to fabricate fiber fused 
plates with fiber diameter as small as 1 to 2 microns 
and N.A. ~ 1.4 However, it should be realized 
that cascading of fu..;ed fiber plates will give risc 
to some loss in resolution. For example, if two 
plates, each capable of resolving R lines/mm, are 
cascaded, then the resolving power is reduced to 

approximately" ~ lines/mm. 

(d) Vacllllm-tightTIess.-This IS obviously es
sential for fu~ed plates at the input and output 
ends of the image intensifier. Even if an image 
intensifier is so constructed that all stages are in 
the same envelope, it is considered desirable that 



the coupling plates be vacuum-tight to avoid any 
degassing and photocathode poisoning. 

( e) PllOlocathodf' poison ing. ~ Lead glasses, im
purities, and degassing can cause deterioration of 
the photocathode. Therefore, it ill essential that 
high ~.A. fibers of nonlead glaH~e" be u,,;ed. 

(J) Sealing.~Tn order to seal the fused plate,.; 
to the envelope, it is obvioullly required that the 
coefficient of thermal expansions of the fused plate 
and the envelope be matched. Attempts to form 
graded seals. have met with limited success. 

The,,;e criteria are parti('ularly relevant to the 
appli('ations of fused fiber optics plates for cou
pling interiitages and end w-indows (for image input 
or contact photography at the image output end). 
However, it should be stated that other forms of 
fiber optks assemblies present a ('onsiderable po
tential when used in ('onjundion with image 
intensifiers. For example, fiber assemblies of 
s('intillating fibers serve as X-ray image ('onverter 

s('reens and for high-energy part ide tra('king. On 
the other hand, the fiber optics distortion COl;

rector and field flatteners ('an simplify the design 
and enhan('e the performan('e of these ele('tron 
opti('al sy,,;tems. Furthermore, assemblies of 
fibrous configurations of photoconductive materi
als seem to have con"iderable value in solid-state 
image intensifiers from resolution as well as light 
gain standpoints. 

This paper will describe a number of experi
ments designe(l to evaluate the properties of fiber 
optics coupling plates. Section TIT deals with 
photometric efficien('y, resolution, interstitial ab
sorbing, and photographic problems. A diode
type image intensifier has been chosen for some 
preliminary experiments, although the results arc 
relevant to other types of image intensifiers. The 
preliminary performance data of a three-stage 
diode using fiber optics coupling will be described 
in sedion IV. 

H. Image Transfer Using Thin :\Iembranes* 

'When a thin transparent membrane is used to 
transfer an image from a phosphor deposited on one 
side to a photosensitive material such as a photo
cathode or a photographic emulsion on the other, 
certain losses in resolution and contrast occur. 
This is primarily due to the splead of the lumines
cence radiation across the thickness of the mem
brane. The loss in resolution is a function of (a) 
the spot size on the phosphor; (b) the angular flux 

6,. 
FIGt:RE ZQ-1.-Geowetry for calculation of iutensity dis

tribution in the point spread function of contact printing 
through a thin glass window. 

*Parls of the work dt>scribed in this section were per
formed by the author at Armour Research FOIIIHlatioll, 
Chicago, Ill. 

distribution of the flux emitted by the phosphor 
which will be shown later is dependent on the degree 
of optical eonta('t between the phosphor and the 
substrate; (c) the thi('kness of the membrane; 
and (d) the degree of optical contact between the 
membrane and the photosensitive material. 

Figure 20-1 shows the two planes (x-y and 
x'-y') corresponding to the two sides of the mem
brane. The intensity distribution /Ct) in the spot 
on the phosphor screen in the x-y plane is known 
to be close to a symmetrical Gaussian curve 5 and 

-r2 

can be represented by the term e 2. If F(e) is 
the angular flux distribution of the energy emitted 
at any point in the phosphor and t is the mem
brane thickness, then l(x') flux distribution at 
any point on the other end of the membrane is 
given by: 

1. f4>=2 .. f'="' (-r2) 
I(x')=t¥ Jo Jo F(c/» cxp 2 cos2 e·J'·drdc/> 

where 

('os e 

lex') gives a dose representation of the intensity 
distribution at the photosensitive surface if it is in 
optical contact with the membrane. If the photo
sensitive 8urfa('e is not in optical contact, then the 
refraction effects at the interface would have to 
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be taken into account. This term therefore defines 
the point spread function of the overall system. 
If one wishes to express the performanee in terms 
of spatial frequency response, 6 then Fourier 
transform of l(x') would be required; i.e., the 
spatial frequency response would be given by: 

F(w) = f: f: lex' ,y'). exp (27riwx')dx'dy' 

where F(w) is the response for the spatial fre
quency w. The cutoff point of this curve would 
give the resolving power of the system (refer 
fig. 20-4(b)). However, a critical parameter in 
the determin a tion of the influence of the thin 
membrane on image quality is the polar emission 
curve F(IJ) of t he phosphor and this will now be 
discussed. 

Phosphor Emission 

All phosphors emit as Lambertian sources; 
however, the refraction at the substrate modifies 
the angular flux distribution. Of course, the refrac
tive indices oCthe phosphor and substrate and their 
degree of optical contact are some of the essential 
parameters. The newly developed transparent 
phosphors can be as,;umed to be in complete 
optical contact with the substrate. On the other 
hand, settled phosphors, with large particle sizes, 
have varying degrees of optical contact with the 
substrate. Tt is relatively simple to calculate the 
angular flux distribution in the sub"trate when the 

l 
! 
j 

ELe:CT~ 0","5 ----:- ~~/ ---- ' 

phosphor can be assumed to have either complete 
optical contact or no optical contact. Figure 
20-2(b) shows the expected theoretical curves for 
the two extreme cases and it "hould be noted that 
when the optical contact is zero, then the emission 
curve is peaked in the forward direction due to 
Fresnel reflection. 

Figure 20-2(a) shows the experimental arrange
ment used for measuring the angular flux dis
tribution of energy from settled phosphor and 
transparent phosphor. The refraction effects at 
the other end of the substrate are eliminated by 
cementing a semicircular glass plate of the same 
refraetive index as the substrate. A small region 
of the phosphor is excited by incident electrons. 
A photomultiplier waR mounted on a goniometer 
and the signal at varying angles to the normal 
recorded. 

Figure 20-2(b) shows the experimental data on 
a tram;parent phosphor (P5 type) and a settled 
phosphor (PH type). Both curves fall in between 
the two theoretical curves for no optieal contact 
and complete optical contact conditions. The 
mechanisms contributing to thi" difference are 
particle size and shape, depth of electron penetra
tion, scattering within the phosphor and degree of 
optical contact with the substrate. Ilowever, 
from these experimental results it can be stated 
to a first approximation the tramparent phosphor 
iR eRsentiaIly in complete optical contact and for 
the settled phosphor optical contact is small. The 

FIGURE 2o-2(a).-Diagram of the optical setup used for measurement of angul~r flux distribution of energy from phosphor 
in the substrate. 
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FIGURE 20-2 (b).-Theoretical and experimental curves of polar energy distribution of transparent and settled phosphor. 

significancc of thc rcsults in figurc 20-2(a) to the 
sprcad function lex') is obvious and, as will be 
shown later in this paper, they also playa role in 
other areas; e.g., in determining fiber efficiency. 

H.-solution m.-aslJremenls 

Detailed measurements of the loss in resolution 
on contact printing through a 50-micron glass 
membrane have becn made. The image of vari
ous test objects was formed on the phosphor 
deposited at onc end of the membrane and a 
comparison of the image on the phosphor was 
made with the image produced on a film placed in 
intimate contact with the other side of thc mem
brane. Figurc 20-3 shows the loss in resolution 
in the image of thc great nebula in Andromeda 
on a phosphor (center photo taken with a lens) 
and the further deterioration on the image quality 

on contact printing through thc membrane 
(bottom). It is to he seen that the final image 
not only ~uffers from degradation in contrast but 
that there is a distinct loss of detail as compared 
to the incident imagc on the phosphor. 

Figure 20-4(a) shows microdensitometer traces 
of a slit, slit imagcs on the phosphor (taken with 
a lens), and the phosphor image printed through 
the 50-micron-thick membrane. The 0.002-inch

wide slit test object is degraded to an approxi
mately Gaussian intensity distribution image on 
the phosphor with 0.008-inch half peak width 

antI a total width of approximately 0.016 inch. 

Thc contact printing through thc mcmbrane has 
furthcr degraded the image to an intem;ity dis
tribution with half peak width of 0.125 inch and 
total width of approximately 0.025 inch. 
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Great nehula in Andromeda. 

Picture on the phosphor. 

Contact print through a 50 p. gla"" window. 

FIGL'RE 20-3.-TIlustrating loss in resolution on contact 
printing through a thin window. 

148 

1.0,-----------

SLIT 

0.7 

0.5 

0.2 

o L 

IMAGE USING 
LENS 

C(,NTACT IMAGE 
USING 
'>0)1 MEfJURANE 

.010' 

FIGURE 20--4(a).-:Microdensitometer curves of the 
spread in image of a slit caused hy the phosphor and 
contact image using a 50-micron membrane. 

In order to obtain a more quantitative measure 
of loss in resolution on contact printing through 
a membrane, a variable frequency sine wave test 
object 7 was used and the spatial frequency 
response of the system was measured. Figure 
20-4 (b) shows the reduced data for spatial 

PHOSPHOR 5~0P. ~~:;:R~~~SS 
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0.9 \', / 

0.8 'X FILM 
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FIGURE 2Q--4(h).-The spatial frequency response of a 
periodic image on the phosphor and through a 50-mi
cron glass membrane. 

frequency response in the image on the phosphor 
as taken with a high-quality lens and also the 
response in the image using contact printing. 
Contrast in the image ofthe sinusoidal test objects 



is plotted as a function of cycles per millimeter. 
The contrast is defined as follows: 

(' I max - I min 

I max+I min 

where Imax iR the intensity of the maxima and 
Im'n the intensity of the minima for a given line 
spacing in the image of the test object. Figure 
20-4(b) shows the degradation in contrast and 

loss in resolution from 7.5 lines/mm on the pho". 
phor to nearly 4 lines/mm on conta!,'t printing 
through the membrane. This gives a quantitative 
measure of 101'8 in image resolution caused by 
using a thin membrane between the phosphor and 
the photosensitive surface. It should be stated 
that the data in figure 20-,t(b) ('ouIeI be derived 
analytically from the line sprea«1 function in 
figure 20--4(a) by calculating its Fourier transform. 

III. Fiber Optics Coupling Plates 

The basic theory of light conduction along 
small diameter fibers has been treated extensively 
in the literature,I-4 and it is demonstrated that 
for high.quality fibers of diameter greater than a 
few microns the photometric efficiency is governed 
primarily by the fiber numerical aperture. With 
reference to figure 20-2(b), it is clear that when 
fibers are employed to transport an image from 
a transparent phosphor, then the acceptance angle 
in the fiber is required to be at least 75° (half 
angle). On the other hand, for settled phosphor 
this half angle in the fiber can be as small as 50°. 
However, it should be remembered that these 
angles are within the fiber, and when refraction 
effects at the entrance end of the fiber are taken 
into account, this corresponds to fiber N.A. ~ I. 
Thus it is clear that for maximum efficiency the 
fiber coupling plate should be composed of fibers 
of N.A. ~ I and of highly transparent core and 
coating materials. Under these conditions nearly 
all the flux captured by the fibers is transported 
to the photosensitive surface. 

Resolution Loss on Coupling 

Since individual fibers in a plate integrate the 
flux incident on them the smallest detail in the 
transmitted image is governed by the fiber size. 
The pieces of information transmitted by an array 
of fibers can therefore be calculated simply by 
geometrical considerations. The sampling theory 
states that if a unidirectional spatial illuminance 
object function contains no frequencies higher 
than R lines/mm, the funC'lion is completely spec. 
ified by giving its ordinates at a series of points 
O~R) mm apart. Since each fiber in an array 
corresponds to a sampling aperture, the sampling 
interval for a single row of fibers is approximately 
equal to the fiber diameter D. For a close packed 
array the sampling interval depends somewhat 
upon object orientation and the fiber packing 

1 
arrangement. Therefore, R= 2D is the highest 

resolution attainable with a fiber array. On the 
other hand, the influence of object orientation on 
image quality is of particular interest near the 

limiting resolution and it varies from R=~ in a . 2D 

I' I' .. 1 lew ( Iscrete onentatlOns to R= 3D in general. 

Further considerations of sampling theory in. 
dicate that when an image is transmitted through 
cascaded fiber plates, the resolution is degraded. 
This is primarily due to a lack of perfect aline· 
ment in corresponding fibers in the cascaded fused 
plates which is almost impossible to achieve in 
practice. Even though the fiber diameter can be 
maintained constant in a number of plates, it does 
not seem possible to obtain perfect registration 
of the centers of all fibers in a number of plateR. 
The registration is considered difficult even when 
almost identical plates from the same boule are 
used. The equivalent sampling aperture for two 
cascaded plates can be imagined as an aperture 
of diameter D (corresponding to fibers in the first 
plate) sampled in a random fashion by another 
aperture of diameter D (correRponding to fibeffl 
in the second plate). It can be shown on statis. 
tical considerations that the equivalent sampling 
aperture diameter for two fused plates, each of 
diameter D, is approximately equal to ·,/2D. A 
number of theoretical approarhes have been made 
in order to estimate the loss in information caused 
by cascading optical elements. An empirical ex· 
pression that has been commonly used relates the 
resolving power of two cascaded optical systems 
R* with the resolving powers R, and R2 of the 
two systems as follows: 
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TIm,; the resolving power of two plates con· 
Histing of equal diameter fibers wouhI be reJu('ed 

to R*=~. Further extensions of these consid· 
,,2 

erations show that the resolving power of n cas· 
caded plates, all of fiber diameter D, is approxi. 

mately given by: 

R*,,-,Rl,,-,+ 
.... In 3, nD 

Experimental measurements of loss in resolu· 
tion caused by cascading a number of plates have 
been made. Three fused fiber plates of 2·inch 
diameter and consisting of 5·micron fibers of 
N.A.=0.95 were used. The circular cross section 
of fibers was maintained during the fusion process. 
Figure 20-5 shows a macroscopic image of a test 

FIGURE 2o-S.-IIIustrating the imaging properties of a 
2·inch·diameter fused plate of S·micron fibers with 
N.A.~l. This plate has .yielded resolution of 100 
lines/mm. 

object transmitted through the fused plates. 
Individual fibers cannot be seen in the picture 
because of the film graininess. A teRt obje('t was 
imaged on one end of a fURed plate and the resolu· 
tion in the transmitted image was measured. 
Then the second fused plate was cascaded with 
the first plate and the change in resolution was 
observed. Finally, a third fused plate was cas· 
caded and the resolution of the three stages was 
measured. Figure 20-6(a) shows the photomicro. 
graphs of a line test object, the images through 
one stage, two Htages, and three stages of the 5· 
micron·diameter fiber fused plates. The resolu. 
tion mea!mrements were 100 lines/mm for single 
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stage, 60 to 70 lineH/mm for two stage8, and 
approximately 30 to ,to lines/mm for the three 
stages of the fiber fused plates. 

A more quantitative determination of the IO~8 
in resolution wag made by using a Rine wave test 
object and measuring the spatial frequency 
re8ponse of single stage, double stage, and triple 
stage of the 5·micron·diameter fused plates. The 
reduced data are plotted in figure 20-6(b) and it 
is seen that not only the limiting resolution goes 
down in accordance with visual observations, but 
also a substantial degradation in contrast transfer 
occurs. 

These experiments have indicated the effect on 
resolution of cascaded fiber fused plates. It is 
obvious that even using 5·micron fibers, a resolve 
ing power in excess of most existing multistage 
image intensifiers is achievable. A factor of two 
or higher resolving power can be obtained using 
smaller diameter fibers. The essential condition 
in the use of fiber coupling plates is that the 
equivalent sampling aperture of the cascaded 
plates be a factor of two or more smaller than the 
spot size on the phosphor. It is clear from the 
results on fused plates used in this experiment 
that better performance is achievable using fiber 
optics coupling plates than either with a lens 
system or a thin membrane. At present it seems 
that considerable advances in electron optics, 
photocathodes, and phosphors would be required 
to utilize the ultimate resolution capabilities of 
fiber optics. 

Interstitial Opaque Coatings 

A 8econd coating of a highly absorbing material 
is considered to be of value since it serves to 
absorb the energy refracting out of the fibers 
(when the fiber ~.A. is low) and also the energy 
incident at the regions in between the fibers. A 
number of experiments on image transfer from a 
Lambertian image plane (phosphor) have indio 
cated that loss in resolution and eontrast occurs 
without the use of this absorbing coating, although 
thi" effect is not too serious when fibers of N.A. ~ 1 
are used in conjunction with a settled pho:;phor. 
This is primarily due to the lack of optical contact 
between the phosphor and the fiber:; resulting in 
most of the energy striking the fiber wall at angle,.; 
greater than critical. Further studies on the 
imaging characterilltics and light efficiency of 
various types of fibers under different sets of 
conditions are now in progress and will be reported 
elsewhere. 
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FIGURE 20-6(h).-The spatial frequency response under the conditions dcscribed in figure 20-6(a). 

Photocathode Poisoning 

It is obvious that for fused fiber plates to be 
used successfully in coupling interstages, they 
mUllt be subject to photocathode deposition. 
Fibers made of glai"ses with high lead content, 
impurities and improper sealing tend to poison 
the photocathodes. Unfortunately, most high re
fractive index glasses to be used with high N.A. 
fibers suffer from these drawbacks and little suc
cess has been achieved using lead glasses. A 
number of other approaches have been made to 
overcome this problem, but the results to date 
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are far from optimum. One method consists of 
fusing a thin glass membrane of another glass at 
the exit face of the fiber fused plates and then 
depolliting the photocathode on it. Although this 
serves to isolate the photocathode from the high 
index fibers, it suffers from loss in resolution as 
di:;eussed in section II. Yet another method, at 
present in experimental stages, consi:;ts of vac
uum depositing a very thin coating of SiO or tin 
oxide on the fused plate. 

As discussed in section II, it has become pos
sible to fabricate high N.A. fibers of non-lead-



content glasses. Fiber fused plates of these 
glasses have been used successfuI1y in a three
stage diode without affecting the photocathode 
perfonnance. 

Photographic Recording 

The photographic recording of the output image 
of a multistage image intensifier using fiber optics 
requires careful attention. It is obviously desir
able to use a final fiber fused plate window for 
contact photography. This requires the fusion 
of the plates to the envelope and therefore imposes 
restrictions on the thennal properties of the fused 
plates. On the other hand, the camera design 
requirements are different. For optimum per
fonnance it is required that the film be placed in 
intimate contact with the fused plate. Bccause 

of the large angle of divergence of light emerging 
from the fibers, the tolerance for spacing between 
thc fibers and film is stringent. This tolerancc 
can be relaxed at the expense of photometric 
efficiency by using low N.A. fibers for the end 
window. In order to avoid film damage and 
scratching, the film advance motion has to bc 
performed after retracting the film from the fused 
plate. Furthermore, a reflex viewing system is 
desirable. 

The development of a camera capable of bring
ing the film in intimate contact with the fibers 
during photography, film retraction motion coupled 
with the film advance mechanism and a built-in 
reflex viewing system is at present in progress. 
Its design details and perfonnance criteria will be 
reported elsewhere. 

IV. Image Intensifier· Studies 

Because of the simplicity of construction and 
small physical size, the diode-type image intensi
fier was chosen a.s a means of demonstrating the 
interstage coupling capability of fiber optics fused 
plates. It seems appropriate to briefly consider 
the manner of construction of such units and the 
method of introducing the fiber plates. The fab
rication of a single-stage unit will be described 
and the techniques then extended to multistage 
units. 

Figure 20-7(a) shows a multistage image inten
sifier but it is representative of the construction 
of a single-stage unit. The tube was constructed 
in two sections which are assembled after prelim
inary surface preparation is completed. A stand
ard Pll phosphor is deposited on the window at 
the back section and has an aluminized coating 
of 3 to 4 kv equivalent thkkness. Initial steps 
of photocathode preparation are perfonned on the 
window in the front section of the tube. A con
ventional cesium antimony photocathode surface 
is used, the antimony coating being applied before 
the tube is assembled. Since the completed photo
cathode surface cannot be exposed to air, the re
action of the cesium with the antimony cannot be 
performed until after the tube has been evacuated. 
Due to the short length of the tube, it is not pos
sible to use all-glass construction. This is because 
the heat required to join the two sections would 
damage the prepared cathode and anode surfaces. 
As a result, kovar to glass seals arc used in both 
sections so that the seal is made between two 
pieces of kovar. Heli-arc welding of the two 

sections results in minimum heating of the struc
ture. The reentrant design of the tuLe pennits 
increased spacing between the kovar end plates 
to minimize external high voltage breakdown. 
Spacing between the cathode and anode surfaces 
is maintained at approximately 4 mm; the overall 
length of the tube, excluding sealoffs, is approxi
mately I inch. The useful photocathode surfacc 
is approximately 1.25 inches in diameter. Gains 
of the order of 10 are possible with voltages from 
10 to 12 kv. Resolution is dependent on accel
erating voltage and is typically approximately 
10 lines/mm in a single-stage unit. 

In multistage units the length of the tubes is 
increased to accommodate the additional fiber 
fused plate elements in the common volume. The 
fiber optics plates arc approximately Ks-inch thick 
and consist of 5-micron fibers of N.A.= 1. The 
plates arc supported on annular metal disks which 
arc in turn supported by wire feedthroughs in the 
sidewall of the tube. The cathode and anode sur
faces are prepared as previously described and 
the surfaces are electrically connected in a given 
plate. 

The construction shown lends itself to two-stage 
operation in that optimum spacing can be main
tained between the "ire feedthroughs and the 
kovar end plates. Howcyer, as can be seen in 
figure 20-7(a), the spacing between the electrodes 
supporting the fiber plates is small in a three-stage 
unit. Staggering the position of the_ electrodes 
helps to minimize voltage breakdown. Since a 
common volume contains all of the photocathode, 
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FIGURE 20-7(a).-Diagram of a three-stage diode fyp.
image intensifier using two fused fiber plates of 5-mi
eron fibers of ~.A.c~d. 

a single side-arm containing cesium is used to 
react all of the surfaces. By ilh,minating one of 
the 8urfaces, the photoelectric current can be 
measured to indicate the progress of the reaction. 
Photographs of one- anrl three-Rtage units are 
shown in figure 20-7(b). 

To determine the resolution capabilities of the 
intensifiers, a standard bar ehart was imaged on 
the input photocathode, re:;olution being measured 
at the output anode surface. There is a I: I 
correspondence between the input and output 
images. Re,.;ulution is approximately 10 lines/mm 
for the ,;ingle-stage unit and S lines/mm for the 
three-,.;tage unit. There is no measurable varia
tion in resolution over the entire tieltl. Photo
graphs of the input and output images are shown 
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Three-stage unit. 

FIGURE 20-7(h).-Pholograph,. of the experimental 
mod"k 

in figure 20-8. In addition to the bar chart tes t 
obj eet , reproduction of a Kodachrome slide is 
illustrated. Loss of contrast is evident in the 
output of the three-stage tube. This is due in 
part to the fact that the stages were operated 



Test object~. 

Image through 
single stage. 

Image through 
three stage. 

FIGURE 2Q-S.-Photographs of test objects and images through the three-stage image intensifier illustrated in figure 20-7(b). 
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appreciably below optimum voltage in order to 
minimize voltage breakdown. The active area 
of the three-stage unit is only %-inch diameter 
which accounts for the diffelence in image size. 
The distortion apparent in the three-stage pic
tures is due to a defect in the first anode surface, 
a llmall portion of the aluminum film having 
peeled ofl'. "chereas detailed measurements on 
the performance of this inten,;ifier are not available 
at present, it is shown that high-resolution fused 
plates capable of fUllion to the envelope and 
photocathode deposition can be built for incor
poration into different types of multistage image 
in tensifiers. 

A precise evaluation of the influence of any 
single component on the information transfer 
characteristics and photometric gains of a multi
stage image intensifier is considered to be a very 
sophisticated problem. It requires an under
"tanding of the individual and cumulative 
influences of a numher of parameters on the 
performance of the device. More obvious of 
these parameters are (a) the angular distribution 
and wavelength of incident and output radiation; 
(b) electron optical aherrations--varying over the 
field; (c) phosphor point spread function; (d) the 
interstage coupling elements characteristics; (e) 
spectral and angular emission characteristics of 
the photocathode and phosphor; (J) the film 
parameters; and (g) psychophysiological effects 
of the observer viewing the output image. This 
paper has dealt primarily with the influence and 
properties of various methods available for inter-

stage coupling and the gains possible with fiber 
optics. Further work on image evaluation of 
multistage image intensifiers taking due account 
of the above-mentioned parameters needs yet to 
be undertaken. 

Conclusions 

A detailed analysis of various methods available 
for coupling multistage image intensifiers shows 
the advantages offered by fiber optics. Fused 
plates of high N.:\.. have been fabricated and are 
capable of yielding image resolution of 100 lines/ 
mm and higher. It is shown that the effective 
resolution of a number of coupled plates n, each 
with resolving power R, is approximately given by 
R 

This factor should be taken into account at ,in' 
the design stage. The problems of sealing' 
vacuum tightness, cathode poisoning, and c~ntact 
photography of the output image have been 
treated in detail. The preliminary experiments 
on a three-stage diode intensifier have demon
strated the gains available using fiber optics 
coupling. Further developments along these 
lines are expected to yield high-quality multi
stage image intensifiers with high resolution and 
light gains. 
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Discussion 

B. LIPPEL: Referring to your slides showing two or more fiber plates in contact, can this be done 
nicely when the plates are manufactured with identical fiber spacing? I am thinking of moire effects. 
Should the average spacings be deliberately made different? 

N. S. KAPANY: In a number of diflerent experiments that we have conducted with cascaded fiber 
fused plates, we have not had any severe problems with moire effects. In principle, such moire patterns 
may exist regardless of the fiber spacing in the two plates, so long as the fiber diameters as well as their 
spacing in the individual plates are highly u..niform. Therefore, I do not see much advantage to be 
gained by deliberately making the average spacing between the fibers in the two plates different. 

J. J. VA1\! DER SANDE: Efficiencies of 30 to 35 percent for optical coupling image tubes are now 
possible, which is eight times higher than the value shown by Dr. Kapany in one of his slides. 

N. S. KAPANY: In my paper I compared the efficiency of fused fiber optics coupling plates with 
that of an flIlens system working at 1: 1 conjugate position. It would seem to me that the effi·ciencies 
of 30 to 35 percent being quoted are somewhat optimistic. Furthermore, it should be stated that for 
coupling of images from large tubes-say 5 inches in diameter-a very severe demand is placed on the 
lens design because of the requirement of low {-ratio as well as wide field angle. In view of the higher 
order aberrations, as they behave in such optical systems, it is obvious that a very severe compromise 
has to be made between the photometric efficiency, field angle, and resolving power. With the recent 
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developments in high resolution electron optics for large tube~ up to 5 inches or more in diameter, it 
would seem to me that expecting 30 to 35 percent coupling efficiency with spot sizes as small as 5 to 
10 microns using lens systems is perhaps stretehing the imagination somewhat. 

G. PAPP: Mr. Kapany indicated that the cascading of two or three fiber plates reduces the resolu
tion by a factor of ,2 or ,Ii As I tried to explain in my paper (No. 15), the quadratice addition of 
errors is valid, only in the case of independent. random variables. This cannot be claimed in the cas
cading of two fiber plates. It would be true if the two plates would wobble or rotate compared to each 
other. In the case of stationary plates, there is a systematic error introduced at every point. The 
errors themselves, rather than the squares, add, resulting in the decreasing of resolution by a factor 
of 2 or 3, rather than by ,'2 or ·v'3. 
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21. UNCONVENTIONAL FIBER OPTICS 

WALTER P. SIEGMUC'lD, American Optical Co. 

Introduction 

Fiber optics, in the form of vacuum-tight tuhe 
faces for use in image intensifiers, has been 
described in several papers of this symposium as 
well as in the previous symposium held in 1958. 1 

It is the purpose of this paper to discuss certain 
aspects of this type of fiber optics as well as to 
describe a number of examples of other configura
tions and applications, which have been termed 
unconventional, although this term is necessarily 
relative in such a rapidly changing field. The 
presentation i8 divided into three parts covering 
unusual materials, configurations, and applications 
which are intended to illustrate some of the diver
sification which this field has undergone during 
the past few years. 

Unconventional Fiber Optics Materials 

Conventional optical fibers consist of a flint 
glass core and a crown glass coating. The choice 
of these materials is based on the requirement that 
the index of refraction of the core be higher than 
that of the coating as well as certain thermal 
compatibility requirements. Ordinary crown and 
flint glasses can be selected which fulfill these 
requirements, and several such combinations have 
been extensively used in optical fibers. To meet 
new requirements, however, such as improved 
transmission in the infrared and ultraviolet region 
of the spectrum, it hao been necessary to investi
gate other materials. 

To extend the transmission into the infrared 
beyond the limit of about 2-2.5 J.I. for flint glass, 
fibers have been developed based on arsenic tri
sulfide glass. In particular, fibers have been pre
pared having a core of stochiometric AS2 S3 (nil' 

=2.47) and a cQating of a modified arsenic sulfide 
glass having a lower refractive index (n lp=2.416). 
This combination of refractive indices provides a 
nominal numerical aperture (i.e., the sine of the 
half angle of the acceptance cone) of 0.5 which 
corrcsponds to a relative aperture of f/1. Typical 
fibers have a diameter of 60 microns, including a 

coating thickness of 4 microns. Short length8 of 
thcse fibers (7 mm) have measure able transmis
sion Qut to 12 microns wavelength, while longer 
lengths (18 inches) transmit out to 7 microns. 
Figure 21-1 shows the relative transmittance as a 
function of wavelength for three different fiber 
lengths. 

The actual transmittance measured at a specific 
wavelength (2.44 J.I.) using a narrow passband 
filter was found to be approximately 65 percent 
for a 6-inch length, not including end losses. By 
overcoating similar fibers with an organic lacquer 
(nll'= 1.5), it was found possible to increase the 
transmittance at 2.44 J.I. to 80 percent for a 6-inch 
length. This increase is believed to be due to 
successful trapping of light by the lacquer-glass 
interface, which is otherwise scattered beyond the 
acceptance angle of the glass coating-glass core 
interface and lost. 

Although image intensifiers do not yet work 
out in the infrared as far as arsenic trisu\fide, it 
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may offer encouragement to know that fiber optics 
for this spectral region have already proven 
feasible. 

The gains made in extending the transmission 
of fiber optics into the ultraviolet have been less 
dramatic. Although, in principle, quartz fibers 
could transmit weU into the U.V., their low refrac
tive index makes it practically impossible to 
provide a suitable coating to protect them from 
contamination and subsequent loss in transmit
tance. For this reason quartz is also completely 
unsuitable for fiber optics tube faces in which a 
large numerical aperture. hence a large difference 
in refractive index, is essential. Since conven
tional high-index flint glasses tend to absorb 
strongly even in short path lengths in the violet 
or very near ultraviolet spectrum, a search was 
made for glasses which could provide both high 
numerical aperture and somewhat better U.V. 
transmittance. It was found that the lanthanum 
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FIGURE 21-2.-Transmission of high index fiber optics 
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crown glasses provide these properties. The 
transmittance of one example of this type of glass 
is shown in figure 21-2 along with curves for 
two common flint glasses. Also shown is the 
emission curve for type P-16 phosphor to indicate 
the significance of the improved U.V. trans
mittance of the lanthanum glass for a thickness 
of around 25 mm or 80. 

Another advantage of some of the high-index 
lanthanum glasses is that they do not contain 
lead which can interact at high temperatures 
with photocathode materials, causing both the 
glass and the cathode to deteriorate. Although 
barrier coatings have been developed to prevent 
this interaction with lead-containing fiber optics, 
a better solution is to eliminate the lead altogether. 

Nonbrowning glass is another unconventional 
material which has recently been applied to fiber 
optics. In applications where large doses of 
nuclear radiation are likely to be encountered, 
ordinary optical glasses may darken or even 
become opaque depending on the dose, the shield
ing, and the glass composition. Nonbrowning 
glasses designed to minimize this darkening often 
contain cerium which unfortunately is itself a 
glass colorant. For short fiber lengths (tube face 
applications) the intrinsic coloration might not 
be objectionable; however, for lengths of the 
order of 2 feet or more (flexible borescope appli
cations), it can be fatal. For example, fibers 
drawn from a nonbrowning glass of intermediate 
refractive index (Schott type F -2-RS, n = 1.62) 
were fOlmd to be practically opaque over a length 
of 24 inches, while a 2-mm-thick tube face made 
from the same fibers showed only a trace of 
coloration. Although other types of nonbrown
ing glasses are available, the prospects for long 
fibers do not appear favorable. 

Unconventional Fiber Optics Configurations 

With the possible exception of the fiber optics 
tube face, the flexible borescope or "fiberscope" 
is the most common form of fiber optics in use 
today. A variety of industrial and medical appli
cations have al~eady been found for these devices. 
The principles and basic properties of fiberscopes 
have been extensively described in literature.2- 6 

They are of interest in connection with image 
intensifiers as a means of coupling optical compo
nents to image tubes or one image tube to another 
where conditions demand a flexible path and rela
tively high light transmission. Although the 
fiberscope as a 'device has become fairly familiar, 



at least to workers in the field of optics, examples 
of instruments having unusual dimensions might 
appropriately be included within the scope of this 
paper. 

An example of a fiberscope of unusual length is 
shown in figure 21-3. This instrument is approx-

FIGURE 21-3.-Industrial-type fiberscope, 150 incheA long 
and] inch in diamcter. 

imately ISO inches long and I inch in diameter. 
It contains in the neighborhood of 800,000 fibers, 
each 10 microns in diameter. The cross section 
of the fiber bundle itself is 8 mm by 10 mm, Le., 
about the same as a 16-mm cine frame, and 
standard 16 mm camera objectives are used with 
the instrument. A number of these fiberscopes 
are in use as inspection devices. 

By way of contrast, the instrument shown in 
figure 21-4 is an example of a small-diameter type 
fiberscope developed primarily for medical use. 
This particular instrument actually contains two 
fiber bundles, one to carry light from an external 

FIGURE 2] -4.-Medical-type fiberscope, 36 inche~ long and 
''s inch in diameter. 

lamp (not shown) down to the distal end and the 
other to bring the image back to the eyepiece. 
A small lens at the distal end castsan image of the 
ohject onto the entrance end of the image-carrying 
bundle. This bundle consists of approximately 
40,000 fibers, each 7.5 microns in diameter. The 
illuminating bundle consists of a relatively few 
larger sized fibers since resolution is not a con"iu
eration in this case. This bundle is made up in 
two sections which are joined at the Y -shaped 
junction just below the eyepiece. The particular 
application for which thi;; instrument was built 
is intracardiac visu<ilization; however, a number 
of other diagnostic applications have been sug
gested for such instruments. 

The image-carrying fiber bundles of both the 
above examples are made up of "multifibers" 
which consist of a number of precisely arranged 
individual coated filament ... fused together to make 
a larger building block ""hieh can be systematically 
assembled to produce the desired cross section. 
A photomicrograph of this type of multifiber is 
shown in figure 21-5. In this example the large 
squares containing 36 smaller filaments in a 6 by 
6 array are each 36 microns on a side and each 
filament is about 6 microns across. The corners 
of the multifibers are slightly rounded in the draw
ing process, but otherwise they can be stacked 
together with relatively little waste area hetween 
fibers. 

Another kind of multifiher is illustrated in 
figure 21-6. In this case a great many more 
elementary filaments have been fused together 
to form a rigid fiber optics "image conduit". The 
example shown contains exaetly 73,441 filaments, 
each 12 microns across, assembled in a hexagonal 

FIGURE 21-5.-Photomicrograph of "multifibers" used in 
flexible fiberscopes. 
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FIGURE 21--6.-Rigid "image conduit" consisting of over 
73,000 fibers. 

array, and is capable of transmitting a fairly 
detailed image. This material can also be bent, 
as shown by simply heating it over a flame and 
will retain its image-transmitting properties. 

Unconventional Fiber Optics Applications 

Thc usc of fiber optics for direct recording from 
cathode ray tubes is well known; however, fiber 
optics can also be used to advantage in visual 
CRT displays. Through the use of a special 
fiber optics tubc face consisting of double-coated 
fibers in which the outer coating is made of a 
light-absorbing glass, it is possible to substantially 
increase the contrast of the CRT screen image 
under high ambient light conditions. The prin
ciple of thc double-coated fibers is illustrated in 
figures 21-7 and 21-8 which show two views of 
a demonstration tube face at diffcrent obliquities. 

FH;URE 21-7.-Head-on view of fiber optics face plate 
containing both single- and double·coated (absorbing 
type) fibers. 
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FIGURE 21-8.-0blique view of same plate. 

When viewed head-on (fig. 21-7) the double
coated fibers, which are arrayed in the pattern of 
the lctters "WS," transmit almost as well as the 
surrounding fibers. When viewed obliquely (fig. 
21-8) beyond the acceptance angle of the fibers, 
the double-coated fibers appear dark because light 
rays penetrating the fiber walls (i.e., those outside 
the critical angle for total reflection) are absorbed 
by the outer coating. In the surrounding fibers 
this stray ligh t is transmitted and hence these 
fibers appear as bright as they did head-on. 

In a ~imilar manner a CRT tube face made up 
of these douhle-coated fibers prevents the ambient 
light incident upon the tube face beyond the 
acceptance angle of the fibers from reaching the 
diffusely reflecting phosphor screen. By making 
the acceptance angle as small as permissible, the 
total ambient light reaching the screen can be 
subRtantially reduced. 

Figure 21-9(a) shows an experimental CRT 
incorporating such a tube face. The dark circular 

FIGURE 21-9(a).-Experimental CRT containing double
("oated (absorbing) fiber •. 



FIGURE 21-9(b).-Trace on CRT showing high degree 
of contrast obtainable in the presence of strong side
lighting. 

area of the faceplate contains the fused bundle 
of double-coated fibers. Figure 21-9(b) shows 
this tube installed in a cathode-ray oscillograph. 
It can be seem that the trace on the CRT screen 
has excellent contrast despite strong sidelighting 
which was provided by desk lamps on either side 
of the scope just outside the fiber acceptance 
angle. It might be noted that a further advantage 
of such a faceplate is the absence of parallax 
between the screen image and thc face of the tube, 
thereby permitting more accurate measurements 
to be made on the image. 

Encoding and decoding of optical images was 
one of the first applications suggested for fiber 
optics.' Any fiber bundle in which the fiber ends 
at one end of the bundle are randomly disposed 
relative to the other end of the bundle, can he 
used to encode and subsequently decode an image. 
Of greater practical significance, it is also possible 
to produce a matched pair of fiber coders em
ploying random scrambling. On the other hand, 
producing a larger number of matched coders 
with a high order of scrambling becomes a Car 
more formidable problem. 

To meet thc requirements for a large number 
of identical units but having a comparatively 
simple form of code (for use in signature verifiC'a
tion in banks), a form of fiber optics codcr was 
developed consisting of a number of layers of 
fibers which are systematically laid up at various 
prcdetermined angles to one another. An image 
encoded with such a bundle, therefore, consists 
of a corresponding number of rows of dots shiftcd 
laterally by known amounts. An example . of 
coded image of a portion of a standard Air Force 
resolution chart is shown in figure 21-10(a). 

(a) Encoded image (reversed in printing). 

(b) Partially decoded image. 

5 == III 
G == III III ~~ 

USAF -1951 
It: .-, 

(c) Completely decod .. d image. 

FIGlTRE 21-JO.-Encoded and decoded images. obtained 
"ith fiber 01'1 iCA coder. 

Incompletc decoding resulting from a residual 
rotation error in positioning the decoder oyer the 
coded message is shown in figurc 21-10 (h). 
Complete decoded is shown in figure 21-10(1'). 
As many as 30 or morc identi('al coders haye bc('n 
made using this approach. 

Tapered fiber optics bundles lend themselves to 
somc unusual appli('ations. One example is an 
image forming device hased on the so-called "com
pound eye" characteristic of certain insect,; such 
as the housc.fly. The fibers of thc tapered hundle 
correspond to the individual channels or "omma
tidia" of the compound cyc. By designing the 
fibers to accept only a relatively small cone of 
light and then arranging them so that there iii 
little or no overlapping among the acc-eptancc 
cone" of neighboring fibeni, it is possible to ohtain 
a crude image forming device without the 118e of 
lenses. 

A 8mall tapercd fiher hundle which has thi,; 
propert} is shown in figure 21-11. When the 
flared end of the bun,lle is pointed at a coarRC 
target, an image can he seen at the ['mall end. 
This is illustrated in figure 21-12. The large 
vertical hars comprise the target, placed about 
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FIGURE 21-11.-Tapered fiber bundle analogy of insect 
"compound eye." 

FIGURE 21-12.-Image produced by fiber bundle shown 
in figure 21-11. 

18 inches in front of the tapered bundle. The 
image formed by the bundle can be seen within 
the circle; i.e., the small end of the bundle. 

Tmage distortion compensation is another un
usual application for fiber optics made possible 
through the usc of tapered fiber bundles. Since 
ordinary image distortion (the "pincushion" or 
"barrel" distortion characteristic of simple lenses) 
is a nonlinear variation in image magnification, 
it can be compensated by a fiber optics bundle 
in which the fibers are distrihuted uniformly at 
one end of the hun die and displaced in a nonuni
form manner at the other end to correspond to 
the nonlinear variation in image magnification. 
It has heen found possible to prepare nonuni
formly tapered fused fiber hundles having this 
property. 

An example of such a bundle placed over a 
square grid pattern is shown in figure 21-13. 
This bundle is actually in the form of a flat plate 
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FIGURE 21-13.-Di"tortion produced by non-uniformly
tapered fiber bundle. 

ahout % inch thick and O~ inches in diameter; 
however, the fibers themselves are tapered and 
displaced within the bundle giving rise to the 
"barrel" distortion shown. When the plate is 
inverted, the opposite "pincushion" distortion 
results. 

Tapered fiber bundles also can be used to ad
vantage in fiber optics field flatteners when either 
the numerical aperture or the field of view of the 
lens system (or both) is large. In a tapered fiber 
field flattener the axis of the individual fiber can 
he arranged to coincide with the principal ray 
incident upon it so that the maximum-sized cone 
of light will be accepted by the fiber. This avoids 
losing light rays from the lens which otherwise 
would fall outside the acceptance cone of the 
fibers. 

For the case of a refractive lens system, the 
image field is usually inward curving and an ex
panding tapered bundle is used. An example of 
a small tapered field flattener of this type is shown 
in figure 21-14 alongside a common pin. The 
concave entrance face of the bundle is 2 mm in 
diameter and the fiber diameter is 2 microns. 
The flat exit face is 5 mm in diameter and the 
taper angle is about 60°. 

For the case of a mirror optical system, the 
image field is generally backward curving and a 
condensing-type tapered bundle is used. This 
has th~ additional advantage that light is con
centrated by the tapered bundle which results in 
higher illumination at the output of the bundle 
than at the input. The numerical aperture or 
"optical speed" of the system is thus actually 
increased by means of such a tapered fiber opti('~ 
"image ('ondenser." 



FIGURE 21-14.-SmaU field flattener incorporating a tao 
pered fiber bundle. 

FIBER BUNDLE 

FIGURE 21-15.-Optical system incorporating a tapered 
fiber bundle as an "image condenRer." 

This application has been demonstrated in a 
special optical system designed as part of an Air 
Force study on ultra-high-speed photographic ob
jectives. The optical system is shown schemati
cally in figure 21-15. The optical system was 
designed with a nominal relative aperture of f/0.58 
which combined with transmission losses produced 
a T-stop rating of T-0.7. 

The camera built to house the system is shown 
in figure 21-16. I t is designed to be taken apart 
(fig. 21-17) to permit loading a single film for each 
exposure. The film is held against the fiber bundle 
by means of a backing plate and thtunb screw. 

An example of a photograph made with this 
camera is shown in figure 21-18. The source of 
light was moonlight (% full) and there was a light 
cover of snow on the ground. The exposure time 
was 1 second at full aperture on Eastman Tri-X 
film with ordinary processing. Although origi
nally conceived and demonstrated as a photo
graphic objective lens, this type of optical system 
could be adapted for use with an image intensi
fier where its high relative aperture would be 

FIGURE 21-16.-Experimental camera based on the optical 
system shown in figure 21-15. 

FIGURE 21-17.-Rear half of camera showing fiber bundle 
and film support clamp. 
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FIGURE 21-18.-Photograph made by moonlight using ex· 
perimental camera. 
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particularly valuable as one approarhes quantum 
noise limitations. 
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22. APPLICATIONS OF IMAGE ORTHICONS IN SOLAR AND 
STELLAR ASTRONOMY 

WILLIAM C. LIVINGSTON, Kitt Peak National ObSermlQr'y 

Introduction 

When considering the merits of different image 
tubes for astronomical problems, it is worth 
while to differentiate between transducers which 
employ the photographic emulsion and those 
which do not. Certainly as far as resolution is 
concerned, the technique of electronography 
developed by Lallemand in France, and rep
resented at this symposium by Walker, and 
Hiltner and Niklas, is without equal. Electro
nography circumvents most of the objectionable 
features of the unaided photographic plate such 
as low efficiency and reciprocity failure. There 
remains the matter of the saturation of the emul
sion before desired accuracy is achieved and 
certain other practical difficulties in the recording 
of transitory phenomena at high light levels. 
When these effects introduce limitations, a signal
generating, charge-integrating tube, such as the
image orthicon, complements the electronography 
process. In this paper we shall describe three 
astronomical observations, two solar and one 
stellar, which could only have been obtained with 
an image orthicon. 

The Image Orthicon as an Aid to Increased 
Precision 

The detection and measurement of weak lines 
in the spectrum of the solar photosphere is a diffi
cult problem. Photographic photometry has a 
limited accuracy of about 1 percent because of 
unpredictable ~ariations in sensitivity over the 
emulsion surface. Another photometric tool, the 
scanning photocell, shows a constant sensitivity, 
but because it explores the spectrum point by 
point, it is susceptible to errors caused by atmos
pheric transparency fluctuations and intrinsic 
changes in the spectrum. The image orthicon 
combines the panoramic property of the emulsion 
with the capacity for calibration of the photocell. 

For observations of the sun the image orthicon 

camera was mounted on the head of the spectro
graph of the I50-foot tower tel esc poe of the Mount 
Wilson Observatory (fig. 22-1). This spectro
graph is of the Littrow type and the grating used 
gave a dispersion of about II mm per angstrom. 
The orthicon was positioned so that spectrum 
dispersion was in the direction of the vertical scan 
of the tube. By adjusting the amplitude of the 
horizontal scan so that the reading beam just 
covered the width of the spectrum, and by reduc
ing the bandwidth of the video amplifier so as to 
just resolve an element in wavelength, the scan
ning beam became fan shaped, and was analogous 
to the analyzing slit of a microphotometer. The 
oscillogram of the orthicon current output is a 
direct intensity record of the spectrum. In figure 
22-2 a tracing of the raw orthicon output is com
pared with a record of the same spectral region as 
published in The Photometric Altas of the Solar 
Spectrum by Minnaert et al. 

The signaIjnoise ratio of the raw output of the 
orthicon is insufficient for the study of weak lines. 
However, because of the signal-generating feature 
of the tube, this signal may be readily integrated 

FIGURE 22-1.-Tmage orthicon camera mounted on spectro
graph of 150-foot tower telescope, Mount Wil"on, Calif. 
Solar image iR visible at right_ 
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FH;l1RE 22-2.-Comparison of a tracing from the Minnaert "Atlas" with a direct inten~ity recorr! made with the orthicon. 
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FIGURE 22-3.-Measurement of a weak line in the 
wing of Ra. 

at high speed, externally, in order to increase the 
signal/noise. The integration may be done on the 
phosphor of the recording cathode-ray tube. After 
a sufficient number of scans, the peak-to-peak 
noise forms an envelope which closely defines the 
true mean. 

This technique of phosphor integration is 
illustrated in figure 22-3. Three consecutive sets 
of observations, each of ISO scans, have been 
obtained of a region in the wing of Het:. The weak 
feature immediately to the right of the water 
vapor line has an equivalent width of about 
0.3 rnA. If this quantity is considered to be at the 
limit of detection, a precision of 0.1 percent (of 
the continuum) is achieved. 

For more than a few hundred scans, the method 
of phosphor integration becomes quite inefficient. 
To obtain higher accuracy the scans must be 
integrated numericaUy with a digital computer. 
Kitt Peak National Observatory is, at present, 
preparing to use such a technique which promises 
an observational precision of 0.01 percent. 

Spectrum of a Sunspot 

The nature and cause of a sunspot remains as 
one of the unknowns of the solar surface. Little 

work has been done on the spectrum of the spot 
because the observations require the best of see
ing and there is always an uncertainty as to how 
much the light from the photosphere has diluted 
the much weaker spot spectrum. 

To observe the spot spectrum the entrance slit 
to the spectrograph is diaphragmed to about I 
millimeter, and the spot image is held over thi" 
opening during the exposure. Figure 22-4 is a 
record of ISO scans made in a total of 10 seconds. 
During this exposure the usual disturbances due 
to seeing occurred and produced the observed 
envelope of scans. Since the photosphere is much 
brighter than the spot, scans di8playing high in
tensity can be comidered spurious. Obviously, 
an integration of these scans would produce a 
mean spectrum of the photosphere and SlUlspot. 
However, the lower edge of the scan envelope 
represents a spot spectrum of high purity. 

Observations of Stars Against a Bright 
Background 

The storage capacity of the photographic ernul. 
sion depends on the number of grains in each 
picture element. As a result of exposure to light, 
the developed grains may overlap, reducing the 
number which can contribute to the blackening, 
and the emulsion saturates. 

A charge-integrating tube, such as the image 
orthicon, is all;o 8ubject to saturation but for a 
different reason. In the orthicon the photocharges 
can add together within an element until the re
sulting potential rise reduces the ability of the 
element to collect more charge. Saturation is 
said to occur when the potential of the target 
membrane equals the potential of the collecting 

FIGURE 22-4.-Attempt to record the spectrum of a 
~mall sunspot (centered on HJ3). 
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(b) r T=-2 volt •. 

(c) V T=+2volt •. 

FIGURE 22-S.-A single exp08ure on Globular Cluster :M3 
wilh following readouts at different targelmesh voltages. 
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mesh. However, so far as the image section is 
concerned, there is no reason why the target meilh 
voltage should not be advanced during exposure 
so as to keep ahead of the rise in target potential. 
If this is done, the resulting "swing" in target 
potential due to photocharges may amount to 10 
volts, or more, instead of the usual 2 volts. The 
information capacity of the tube has been pro
portionately increased. 

In order to read the charge patterns developed 
in the image section, special care must be exer
cised. The beam will, in fact, not land on the 
target if the target is more than about 2 volts 
positive with reRpect to the beam. Apparently, 
increased reflectivity, or secondary emission, re
duces the ability of the beam to land and be 
modulated by the target. Also resolution suffers 
becam;e the local strong fields easily deflect the 
slow -moving electrons of the reading beam. These 
diffieulties are avoided by varying the potential 
of the target mesh in such a way that the beam 
"sees" a constant potential field at all times. 
During the scan, every picture element receives 
the same quantity of charge from the beam. The 
video signal is simply the voltage variations of 
the target mesh. 

A verification of the above principles may be 
found in the following astronomical observations. 

A particular image orthicon (GE 7802) is noted 

to have a "target cutoff voltage" of - 1 volt. 
With the tube in the dark, the target is scanned 

repeatedly until it accepts no electrons at a mesh 
voltage of + 4 volts. The orthicon is then exposed 
for 17 seconds to an image of the Globular Cluster 

~f3 at the Cassegrain focus of the Kitt Peak 

36-inch reflector. The target is then reduced to 
- 3 volts and readout (fig. 22-5(a)). The thresh

old images of this exposure must have caused a 
potential rise of 5 volts on the membrane. Only 
the brightest stars show up against the back
ground of the nucleus. A second read at -2 
volts (fig. 22-5(b)) shows many fainter star!! and 
there is a reversal of the images of the previoui>ly 

recorded bright star!!. In a final read at +2 volt" 
the beam is unable to land ex('ept in the outer 
regions of the cluster image where stars to fainter 

than 19th magnitude are recorded. Thus, in a 
single exposure, stars in the nucleus were recorded 
as well as faint peripheral images, and the wide 
latitude of response of the image section is dem

onstrated. 



Conclusions 

The signal-generating property of the orthicon 
is especially useful for solar observations. It 
permits the direct intensity recording of spectra, 
clarifies the effects of "seeing" on "pectral purity 
near image discontinuities, and facilitates the cou
pling of external storage to the tube. With ex
ternal storage the signal can be effectively inte
grated to obtain a photometric accuracy of 0.1 
percent. 

The charge-integrating property of the orthicon 
is important for stellar work. A wide latitude of 
response for the tube has been demonstrated. 
Wide latitude implies that the tube should be 
useful for the detection of faint stars against a 
bright sky background. 

Appendix 

Description of the Camera 

An image orthicon camera especially designed 
for astronomical applications was employcd in 
obtaining the reported observations. Mechanical 
features include provision for cooling the tube to 
dry ice temperatures and an optical head which is 
a permanent part of the camera. The head 
includes a projector with test patterns for the 
alinement and calibration of the tube while on 
the telescope. Electrical features include direct
coupled scanning, gating, and amplifier circuits. 

.-------------,--E DGE OF TARGET 

OFF 

. LIGHT :t 1 "10 

K (ZERO) ± 1"1. 

UNIFORMITY 

~ DOUBLE EXPOSURE) 

FIGURE 22--6(a).-Vertical video waveform showing 
uniformity of response of a particular orthicon. 

6366740--62--12 

The solar observations were made with a 
bandwidth of ahout 5kc. Repetition rate was 
15 exposures per second. The tube used for the 
solar work was an RCA 6474. 

Stellar observations were made with the GE 
7802. This tube has an MgO target, a target-to
target mesh spacing of 10 mils, and a field mesh 
which is located on the scanned side of the target. 
A raster of 2,000 lines and an equivalent television 
bandwidth of 80 M c was employed. Sequential 
scanning prevented a loss of resolution due to 
the "crosstalk" between the scan fields and the 
image section. 

Figure 22-6(a) shows the excellent uniformity 
of the 7802. The overall response of the tube is 
seen to be uniform within ±] percent. Figure 
22-6(b) shows that the beam modulation attained 
at optimum exposure is 65 percent. 

The field mesh permits good resolution out to 
the very corners of the image. The standard 
RETMA test chart is completely resolved (fig. 
22-7). To further test the resolution capability 
of the tube, we refer to a kinescope enlargement 
of a National Bureau of Standard chart (fig. 22-8). 
The number "4.5" corresponds to a resolution of 
30 line-pairs per millimeter (or 1,500 TV lines) 
at the target. The crossed diagonal lines are 
due to the target mesh. This mesh confuses and 
thus limits the resolution. If one can ignore the 
mesh, a cutoff resolution of about 45 line-pairs 
is estimated . 

BEAM MODULATION - M 

FIGUR~ 22--6(b) Beam modulation. 
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FU;l'RE 22-7.-Televi~ed UETMA resolution teet chart. FIGURE 22-8.-Kine8cope enlargement showing target me.h 
- pattern, 2,000 scan lines, 80--Me bandwidth. 

Discussion 

A. B. DoTY: In your paper, reference was made to 2,000 TV lines and 80 megacycles. Could you 
expand on this a little-for example, at what field rate did you achieve 2,000 lines? 

W. C. LIVINGSTON: The line rate was 7.875 kc and the frame rate was 3.75 cps. These rates yield 
noninterlaced raster of 2,100 scan lines neglecting blanking and retrace time. The 80 Me was referred to 
as an "equivalent television bandwidth." The high frequency cutoff point l-3db) of the video amplifier 
display channel was 10 Mc. If we assume that the standard television channel requires 8 Mc to trans
mit a single frame in 1/30 second, then this Rame channel would have to be increased (10+8) X (30+3.75) 
= 10 times, or to 80 Mc to carry the equivalent information. 

F. B. MARSHALL: Concerning the slide sequence in which we saw finally 20th-magnitude stars 
[figs. 22-5 (a), (b), and (c)}, what is the other lower magnitude limit? What is the latitude of a single 
exposure, expressed in magnitudes? 

W. C. I~IVINCSTON: The brightest stars in the cluster are about II magnitude. However, the 
crowding of the stars in the nucleus may produce stellar images which are effectively much brighter. 
This complicated the measurement and was ignored .. The latitude with "target feedback" has not been 
determined exactly, but is estimated at more than 7 magnitudes. The normal latitude of the orthicon 
is not much more than 2 magnitudes. 

W. T. POWER~: Do you experience any difficulty with transit time in the scanning section, when 
running the system with target feedback? 

W'. C. LI\T~GSTON: The target feedback scheme uses a slow scan readout of about I-kc line rate. 
For full rcsolution, the dwell time on a picture element is about 10-6 seconds which is long compared 
with the amplifier rise time, about 10- 7 seconds, which is in turn long compared to the electron transit 
time which is about 6(10-9

) seconds. Transit time might be a limiting factor at standard television 
scan rates. 

M. R. DACHS; What is the angular star size on photo plate and output of image orthicon? What 
would star size be with I-microsecond exposure? 

-W. C. LIYINGSTON: The tests described l\'"ffe made at the Cassegrain focus where the scale is 17.5 
seconds of arc per 10m. A 1% second of arc image, which is considered good, is crossed by 6 TV scan 
lines. I don't know what the image shape and size of a I-microsecond exposure would be. I can guess 
that it would not have been much below a second of arc due to an imperfect mirror figure. 

J. A. HYNEK: How long does it take for sky background to limit the length of an exposure? 
W. C. LIvINGSTON: With a particular 5294 orthicon, a dark sky, and no filter, the background 

was reached in 4 seconds. A tube such as the 7802, which has a relatively high capacitance target, takes 
much longer to reach the !Sky limit. 
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23. THE IMAGE ORTHICON 

G. G. BARTON, JR., FAST Obsert'atory, Northwestern UnitV!rsity 

This paper will be presented in two parts. The 
first part will consider the image orthicon as an 
electronic device, with a suggestion toward future 
developments as seen from a consumer's vantage 
point. The second part will deal with present 
astronomical observations and techniques, per
formed at Northwestern University, FAST Ob
servatory. As we are dealing with the astronomical 
side of the image orthicon, most of the re
ported values will be stated in stellar magnitudes. 
To convert these values to a sensible system, 
take 2.5 to the power noted as stellar magnitude, 
or the antilog of the product of O.4XsteIlar 
magnitude. 

I have been, under the mentorship of Dr. J. A. 
Hynek and the sponsorship of the Smithsonian 
Institution, Northwestern University, and George 
C. Marshall Space Flight Center, actively engaged 
with the application of television t~ astronomy 
for the past 3 years. During this period I have 
learned much about the strengths, weaknesses, 
and other factors affecting its application to as
tronomy and related fields. 

Thifi image tube is a sensitive photoelectric 
device with the capability of resolving, in two 
dimensions, points in the area defined by the 
accompanying optical system. As with the photo
cell, the image tube was thought incapable of 
internal integration of information until Dr. 
Goetze's paper. Integration or storage of infor
mation with this device is most readily accom
plished with photographic film, but as the output 
coupling is difficult, either the resolution, speed, 
or case of operation is affected and the maximum 
capabilities of the tube degraded. Finally, the 
absolute speed of an image tube "ystem is a direct 
function of the speed of the recording film. 

The image tube led to the development of the 
image scanning tube, known in its variou" formll 
as the iconoscope, vidicon, Ebicon, and image 
orthicon. The image orthicon, as the previously 
mentioned tube, utilizes the photoelectric cur
rents from the photocathode to produce useful 

information. Unlike the photocell and image 
tube, the image orthicon can internally integrate 
the incoming information over a reasonable period 
of time and present it then on command. The 
output of the image conversion tube is in the 
form of an electrical signal and can thus be re
corded or displayed by a number of devices 
singly or simultaneously. I 

The image orthicon is not a perfect device, but 
during our investigations and experiments we 
have possibly determined the next step in the 
evolutionary path which will perhaps overcome 
the present difficulties and deficiencies. 

Though many readers are sophisticates of image 
orthicon technology, I should like to briefly review 
the electrical operation of thi~ tube. The image 
orthicon is in reality two tubes in one envelope: 
the image tube and the orthicon, or scanning and 
readout tube. The image section operates on the 
same principles as the image tube, with the ex
ception that the photoelectrons from the semi
transparent photocathode are accelerated toward 
the target by 600 volts instead of 10 to 50 kyo 
As the electrons impinge on the target, they gen
erate approximately 6 to 10 secondary electrons 
which are removed by the target grid. The tar
get is fabricated mainly from very thin glass 
sheets or ultrathin MgO films. After the second
ary electrons are ejected from the target, the 
target then has a pattern of positive charges re
maining on it in the same geometrical pattern as 
the optical pattern falling on the photocathode. 
To extract the information, the orthicon section 
now scans the target with a low-current, low
velocity, finely focw,ed beam of electrons. These 
electrons are normally totally reflected from the 
blank target, return to the output dynorle system, 
and are amplified in number by secondary emmis
sion from the dynorle8. 

Reflection at the target is caused by charging 
the insulating target to a negative potential by 
the collection of scanning electrons. When 
sufficient scanning electrons have been collected 
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by the target to produce a negative potential 
equal to the energy of the highest velocity elec
trons in the scanning beam, the beam thereafter 
will be almost totally reflected. 

When an image is projected on the photo
cathode, the resulting positive charge image on 
the target will accept electrons from the scanning 
beam. The scanning beam wiII then be dimin
ished by an amount proportional to the charge or 
image at some particular position and time. The 
return beam is then amplified by the dynode 
system and appears as a signal across the load 
resistor. 

Very shortly after the installation of the tele
scope and television system at Organ Pass Satellite 
Tracking Station in 1958, we came to the following 
conclusions as a result of our astronomical 
observations: 

(a) When the system is operating at normal 
frame rates, a small amount of general diffuse 
light falling on the photocathode in addition to 
the optical image can improve the image orthicon 
sensitivity by approximately %' stellar magni
tudes or a factor of 2. 

(b) Photographic integration of the kinescope 
output can produce up to %' magnitude increase 
in information by improvement of signal to 
noise ratio. 

(c) Electronic integration, that is target or 
beam pulsing techniques, can produc~ up to 5 
stellar magnitudes or 100 X, increase in recorded 
illformation. It was also noted that beam pulsing 
was the superior method. The image orthicon 
tube produces a linear integration curve with 
little reciprocity failure when strongly cooled. 
At -40 C, integration time was limited by sky 
fog and ambient light before tube effects became 
noticeable. 

(d). ~fgO target image orthicons are by far 
superior to image orthicon tubes with glass 
targets when using integration techniques, and 
in the main are more sensitive by a factor of 2 
8tellar magnitudes or 6.25 X. As electron con
duction is the main mode of charge transfer in 
the MgO target, burn-in and other deleterious 
effects noted with glass targets are not evident. 

After a suitable period, during which we com
pleted investigations and modifications of the 
RCA commercial television camera chain, we were 
invited to Palomar Observatory, through the 
offices of Dr. William Raum, to run a series of 
observations with their 20-inch Cassegrain tele
scope. The results of these tests, reduced by 
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J. Kimmel of Palomar, showed the system's speed, 
on the first approximation, to be 550 X that of 
103AO film. If the quantum efficiency of this 
film is taken as one-tenth of 1 percent, then the 
image orthicon tube should demonstrate a photo
electric efficiency of 55 percent. Though I 
consider the image orthicon tube the greatest 
invention since the discovery of the wheel, I 
am aware that the age of miracles has passed. 
Dr. Raum suggested that this ultrahigh speed 
may be due to a memory effect in the tube. To 
test this hypothesis, the system was moved back 
to Organ Pass, N. Mex., and a series of experi
ments performed there, using a light source 
approximating a star field with known differences 
in brightness. Within a few hours, the memory 
was detected. Investigating further we found the 
memory was due to the incapacity of the scanning 
system to remove all the information from the 
target. 

During the experiments, we also allowed ex
traneous light to fall on the photocathode to 
simulate skylight. When this light, as in the 
case mentioned a few minutes ago, falls on the 
photocathode, greater sensitivity was noted. The 
sensitivity increased by a factor 2.5 magnitude 
or 10, at which point the system saturated and 
the output signal deteriorated due to noise. 

Subsequent tests lead us to the conclusion that 
the speed of the system was less than 550 X 103AO 
and thus can be con!jlidered one of those fortuitous 
errors that open new vistas. If we now equate 
these various factors, we can obtain a reasonably 
good idea as to the subtleties of image orthicon 
tube operation. We noted an increase in sensi
tivity of 10 when the photocathode was illumi
nated by the proper intensity of extraneous light. 
This leads us to a conclusion that only 10 percent 
of the information stored on the target during 
normal operation is removed at low light levels. 
Under these conditions we may expect the fol~ 
lowing mechanism to occur. Let us assume that 
100 units of information per image is placed on 
the target and one integration period later thp. 
beam sweeps off one-tenth of that information. 
During the second integration period an additional 
100 units of information is collected and added to 
the 90 units remaining from integration period 1. 
When the target is now swept or scanned, 10 per
cent of this information is removed, or in effect 
19 percent of the information arriving in one 
integration period. This mechanism operates un
til equilibrium is attained where the target i~ 



storing 10 X the information arrIvmg in one 
integration period, and the beam is sweeping 10 
percent of this or 100 percent of the information 
arriving in one integration period. This is, of 
course, a simplification and to more exactly de
termine the complete mechanism of memory and 
equilibriuln, one would have to carry out a de
tailed analysis knowing all parameters effecting 
beam modulation. 

These experiments led ultimately to hypersen
sitization techniques which are briefly outlined as 
follows. We know the electron scanning beam is 
modulated by a positive charge appearing on the 
target and only 10 percent of the electron in the 
beam interact with the target. It is also known 
that when the photocathode is illuminated by 
extraneous light, that the interaction percentage 
can be increased by a factor of 9, under optimum 
conditions. This is due to an increased general 
positive charge generated on the target by the 
extraneous light. The physical basis of this hy
persensitivity is, the target is normally negatively 
charged to approximately -4 to -5 volts by the 
electrons in the scanning beam. As the scanning 
beam is thermionic ally generated, the energies of 
the electrons emitted fall on a Maxwellian curve. 
Therefore the insulating target will assume a 
charge as great as the highest energy electrons 
impinging on it. The scanning beam, to see the 
positive image, must penetrate this negative bar
rier which repels all but the most energetic elec
trons. Returning the bulk, that is 90 percent as 
noise. 

To overcome this barrier, hypersensitization 
utilized just previous to readout, an additional 
positive bias on the target mesh to lower the bar
rier and a positive bias on grid 5 to increase the 
beam velocity. When this technique is used, the 
nulnber of electrons capable of penetrating the 
barrier potential can be increased for a factor of 9. 

Unfortunately hypersensitization is a one-shot 
effect and the target must be' discharged and 
relaxed for a short time before the next integration 
period. These past few paragraphs have outlined 
our philosophy on the next proposed evolutionary 
stage of image orthicon development. \Ve pro
pose that the utilization of a monokinetic or 
monochromatic scanning beam will overcome the 
major difficulties now facing the image orthicon 
in astronomical or other scientific applications. 
The application of a monochromatic scanning 
beam to the image orthicon tube should produce 
the following results for reasons to be shortly set 

forth. (a). One should expect a scanning effi
ciency increase of a factor of 9. (b). Dynamic 
range or gray scale should be also increased by a 
factor of 9. (c). Resolution should be increased by 
a factor of 4. The fir,;t two statements are based 
on experimental results obtained through hyper
sensitization studies. 

\Ve noted a few moments ago that hypersen
sitization can increase the electron barrier pene
tration by a factor of 9. It is quite possible that 
a monochromatic beam can produce the same 
results in a continuous fashion. If the velocity 
spread in the scanning beam is reduced from 4 or 
5 volts to one-tenth of a volt, the negative barrier 
existing on the target is reduced accordingly. 
When a positive charge appears on the target, it 
will no longer be buried in the 4- or 5-volt nega
tive potential, but will only have to overcome a 
one'-tenth of a volt barrier. 'With a monochromatic 
beam the positive image charge should remain the 
same as in the present tube, but will be enhanced 
in relation to the much smaller barrier. As the 
beam scans across the positive image, all electrons 
in the beam will have a chance to see the charge 
and complete neutralization can be expected. 
Under these conditions the beam current can be 
set to be completely absorbed by the brighte;,t 
image and reduced proportionately by the fainter 
images. We may therefore expect such a tube to 
demonstrate beam modulation in excess of 90 
percent as against the present 10 percent mod
ulation. 

The dynamic range of the present tube is, 
according to our past observations, approximately 
2.5 stellar magnitudes wide. When an image 
exceeds thi;, range it will expand in size until 
discharge equilibrium is attained. We claim that 
a monochromatic beam will expand the dynamic 
range by an additional 2.5 magnitudes, as the 
present images below threshold are not seen due 
to the present 1 to 9 signal-to-noise ratio. If the 
modulation is increased by 9, the signal-to-noise 
ratio will be increased by the same factor. The 
present upper limit of the dynamic range should 
remain reasonably constant while the lower limit 
is extended to images 2.5 magnitudes fainter. 

The resolution increase factor of 4 has been 
intuitively determined, as the monochromatic 
beam should be capable of much finer and more 
delicate focus at the target. There should be a 
decrease in longitudinal chromatic aberration of 
the electron beam that effects beam transit time 
back to the dynodes and one should expect less 
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!1onoeh'l'oma.. fie Electron Gu.n 

FIGURE 23-1 

random scattering at the target. There are op
ponents to this theory, and their criticiRm and 
philosophies are to be as readily honored or re
jected as mine. 

Before launching into a description of a mono
chromatic gun for use with the image orthicon, 
I desire to impress upon you that we do not claim 
any originality as to the URe of such a device, but 
claim only the efficacy of such a device and a 
probable first step in the construction of a work. 
able gun. 

I shall now outline an approximate design and 
structure of such a gun. As you will note on view
ing the drawing of this gun, it is not an integral part 
of the image orthicon proper. (See fig. 23-1.) 
It has been placed behind the tube for several 
reasons. The first reason is to obviate the neces
sity of reengineering the image orthicon. Those 
of you concerned with the manufacture of these 
tubes can readily appreciate the engineering 
difficulties arising from even minor modifications. 
As the present cathode and exhaust port are in 
line, it is immediately apparent that a straight
line construction would be the simplest. A 
magnetic velocity selector type of monochromator 
requires an axial field of approximately 10 Gauss 
at these velocities. This field, though small, 
would interfere with the present focusing field and 
perhaps degrade performance of the image 

orthicon if the gun were incorporated in the 
present tube envelope. Finally, with the separa
tion of the two components shown, a split-tube 
socket can be used to connect into the present 
orthicon base connections. The gun operates 
on the following principles: The cathode K on 
the right is in the form of an annulus of %-inch 
radius, which generates a conical shell of electrons 
which are in turn controlled by grid 1 (G). As 
the cathode and velocity selector both operate at 
or near ground potential, the shape, separation, 
and potential of grids 1, 2, and 3 have to be 
carefully determined to focus the electron beam 
at the entrance aperture of the velocity selector. 
The velocity selector (vs) has an entrance and 
exit aperture on its axis and an annular aperture 
in its center. The radius of curvature of the 
chosen electron velocity is adjusted by the axial 
magnitude field so it will be equal to ~ the radius 
of the annulus. After the electrons have passed 
through the annulus, they are magnetically re
focused on the exit aperture and allowed to drift 
into the field between the velocity selector and 
G-4. G-4, G-5, and G-6 are used to focus, col
limate, and finally decelerate the electron beam 
as it passed into the original cathode housing. 
With an arrangement such as this, no light from 
the cathode can fall on the target and the dynodes 
may be cooled without cooling the cathode. 

Discussion 

R. H. HARDIE: I would like to hear whether any of our industrial colleagues consider the mono
chromatic beam feasible, and whether work on such is in progress or being planned. 

G. G:BARTON, Jr.: A representative of Westinghouse answered that such a gun has been attempted, 
but with little success, due to the low beam current generated by the device. 

J. WATER: Can hypersensitization, by exposure to weak diffused light, be used at normal target 
scan ra tios? 

G. G. BARTON, Jr.: Hypersensitization can be effected by low light level illumination of the photo
cathode by secondary sources at any chosen integration interval. This method of hypersensitization 
has the disadvantage of having to balance the illumination due to the primary source with that being 
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generated by the secondary source in order to obtain the optimum gain. It is suggested that should 
you wish to record or view low level illumination for periods up to sever~l seconds, Grid 5 should be 
modulated with a positive going sawtooth wave with a period of several seconds. This method will 
produce much deaner readout and higher gain with little effect on beam signal-to-noise ratio. The 
disadvantage of this method is the necessity of discharging the target after each sawtooth reaches maxi
mum possible potential. 

W. F. NIKLAS: Dr. Livingston reported a resolution value of 45 lines/mm. You mentioned a de
sired improvement by a factor of 4. Do you desire an ultimate resolution of 180 lines/mm.? 

G. G. BARTON, Jr.: As we have been dealing with low level illumination, I have based my thinking 
on a factor of 10 line-pairs/mm. It was most gratifying to hear that Dr. Livingston was able to obtain 
tbe value of 45 line-pairs/mm without going to special devices. It has been my experience, when working 
with threshold images, that any improvement of resolution, when using standard 1.0. tubes, causes 
a decrease in sensitivity. This is, of course, the story connected with all light sensing systems, but 
it is my contention that the incorporation of the monochromatic gun will allow us to reach approximately 
40 line-pairs/mm without compromising speed. 
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24. NUCLEAR TRACK PHOTOGRAPHY* 

G. T. REYNOWS, D. B. SeARL, R. A. SWANSON, ** J. R. WATERS, and R. A. ZDANIS, Palmer Physical 
Laboratory, Princeton University 

Recent applications of image intensifier systems, 
to problems involving the photography of ionizing 
particles in scintillation chambers, have served 
to emphasize the improvements necessary in the 
image intensifier before this technique can become 
a reliable source of important contributions to 
nuclear physics. Although impressive and con
fident claims are often presented by industrial 
laboratories engaged in producing image inten
sifiers relating to cathode efficiency, background 
noise, overall gain, resolution, distortion, etc., 
experience of users proves that very seldom 
indeed are all of these accomplishments available 
simultaneously in a given tube of useful dimen
SIOns. 

Even so it has been possible, at considerable 
expense, for several nuclear physics groups to set 
up scintillation chamber, image intensifier systems 
capable of photographing minimum iomzmg 
tracks. Such a system, employed by the Prince
ton University group. is shown in figure 24-I. 
The filament scintillator was butted directly 
against the end window of the first image tube. 
This tube was a two-stage RCA electrQstatic 
focusing type C 70050, end window thickness 
0.025 inch and gain approximately 3,000, for an 
overall voltage of 25 Kev. The first tube was 
coupled by a pair of f/1.9 lenses to an RCA two
stage intensifier orthicon. The final track pres
entation was made un the screen of a kinescope, 
photographed conventionally. The decision to 
use prcsentation by means of a closed television 
8Y8tem technique was based on several factor". 
In the first place, the video amplifier of the system 
should provide a gain factor of the order of 
50 to 100 before noi8e begins to limit. Prescnta
tion on the kine8cope providei'! a valuahle ea8e of 
viewing and noting immediate] y the effect of 

changes in the system without the need of photog
raphy or viewing in a lighttight environment. 
Furthermore, the output of the orthicon is suitable 
for data storage or processing devices without 
the need of an intermediate photography stage. 
An end view of the filament chamber is shown in 
figure 24-2. These filaments which were fmpplied 
by Pilot Chemical Co., are 0.029 inch +0.001 inch 
in diameter and are individually suspended in a 
nylon net to prevent serious contact between fila
ments. The chamber was 2 inches in diameter 
and 3 inches long. Some examples of tracks 
obtained with this system are shown in figure 24-3. 
The overall gain of the system, exclusive of the 
effective gain of the video amplifier, was estimated 
to be 9XI04 ±35 percent. 

The system described above was assembled in 
order to investigate the capture of 1-'- mesons in 
carhon according to the following reaction: 

.--==2:>,-1 
~=ZZD'-2 

(1) 

FIGURE 24---1.-Schematic of intcn~ifier system 118.·.1 to 
photograph cOBmic ray II- meson". 

• This work was supported by the joint program of the Omee of l\' aval Research and the U.S. Atomic Energy 
Commission. 

*" Now at the t:niversity of California, La Jolla, Calif. 
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FH;URE 24-2.-Filamcnt scintillation rhamher used in the 
system of Figure]. 

The BI2 decays with a mean life of approximately 
30 milliseconds according to the reaction: 

(2) 

There are two points of interest in this study. 
First, a measure of the branching ratio of p, decay 
to p, capture to the ground state of BI2 (reaction 
(1» affords a comparison between the p,-nucleon 
coupling constant and the J3-decay coupling 
constant. Previous efforts to measure this have 
led to conflieting results. I

-
6 Secondly, the helic

ity of the neutrino can be measured as follows: 
'Vhen the p,- mesons arise from 11'"- meson decay 
in flight according to 

(3) 

conservation of angular momentum requires a 
specific relationship between the heIicity (relation 

FIGllRE 24-3.-Examples of minimum ionizing cosmic ray /J ml'sons. 
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FIGURE 24-,1,.-Filament chamher used in the )J- capture experiment. 

between linear momentum and spin) of the J.L

and that of the P. The J.L- capture, according to 
reaction 0), results in the polarization of the Bl2 
in a specific sense depending on the helicity of the 
J.L-. This sense can be determined by observing 
the asymmetry of the subsequent (J-decay of B12.7 s 
To detect this asymnietry it is necessary to pre
vent depolarization of the Bl2 prior to its decay. 
Previous attempts to detect the Bl2 polarization 9-11 

have led to inconclusive results, possibly due to 
depolarization as a result of collisions with 
atomic magnetic fields. We estimate these fields 
to be the order of several thousands of gauss, 
and so provided an external field of 25,000 gauss 
in the region of the Bl2 formation and decay to 
attempt to "lock in" the Bl2 spin. 

The first phase of the J.L- capture experiment 
(branching ratio) has been performed. The 
second phase (helicity) has not been run as yet, 
but the performance of the system with the 
magnetic field has been observed and it will be 
described. 

TheCJ2 is provided in the plastic scintillator. 
The chamber used in the experiment is shown in 
figure 24-,i. It is divided into three sections, 
optically insulated. The separate sections are 
viewed at one end by separate photomultipliers 
by means of the light pipes shown, and the cham
ber as a whole is viewed at the other end by the 
image intensifier system. Due to an accident, 
the image tube used to obtain the tracks shown in 
figure 24-3 was not available for the experiment. 
An RCA three-stage tube (C 73491) was uRed in 
conjunction with a single-stage intensifier orthicon 
(C 74036) and the system operated as follows. 
"When the scintillation counter telescope, including 
the three counters that constitute the chamber, in
dicated a J.L- had stopped in the center section of the 
chamber, the counter system determined whether 
or not the J.L- decayed in ~ gate of 10 J.Lseconds. 
(The mean life for J.L decay is ...... 2 J.Lsec.) If the 
J.L did not decay, the image of the chamber was 
shifted by magnetic deflecting coils at the output 
phosphor of "the intensifier tube. The image was 
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FIGURE 24-S.-Examples of1r,}J,}J stop, p. decay, and B12 decay tracks obtained in the p.- experiment. 

held in the deflected position for an interval 3 to 
60 milliseconds following the II- stopping. If in 
this interval, the counter system indicated a BI2 

decay (the electron of reaction (2) has an upper 
energy limit of,...., 13 Mev), then the orthicon 
target was scanned and the entire event presented 
on the kinescope screen for photographing. In 
order to determine that the decay electron seen 
in the displaced image did in fact originate from 
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FIGURE 24-6.-Distribution of the number of filaments 
observed per track for straight through }J'e. 
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the end of the stopping J.L- track, two filaments of 
the chamber were lighted continuously with small 
bulbs attached to long thin glass light pipes to 
serve as fiducial marks. Since the decay in the 
displaced image was known to occur in an interval 
of 3 to 60 milliseconds after the II- stop, no confu
sion resulted from J.L decays. Since the fiducial 
marks serve to define the region of the decay track 
and the end of the II- track, background tracks are 
not a problem. Typical results are shown in figure 
24-5. The data are currently being analyzed, 
but remarks can be made on the performance of 
the system. The estimated overall gain of the 
system is 5 X 104 ± 35 percent exclusive of the gain 
of the video amplifier stage. Cosmic ray tracks 
appeared "good" in preliminary nms, but the 
tracks obtained in the II- capture run were poor. 
/\. detailed analysis of 250 straight through J.L 

tracks was made in order to determine the nature 
of the difficulty and the results are shown in 
figure 24-6. These partides traversed, on the 
average, 35 filaments. In ea('h ('ase the number 
of filaments appearing as spots of light was 
counted. If a filament is considered either "off' 
or "on," and if the filaments are independent, 
thcn with p as the probability of an individual 
filamcnt being lit, and q= 1-p, the probability 



of ~{'{'ing ~. filaments lit when 11 are travcrRed i" 
given by the binomial di~tribution 

The circles in figure 24-6 are the observed <liR
trilmtion and the solid line corre"ponds to p=0.37. 
Thus we conclude that with the system used, the 
probahility of seeing a filament through which a 
particle has passed is only 0.37. 

If now we assume that the emission of electrons 
from the photocathode is Poisson, and that the 
system is capable of viewing a single electron 
emitted from the cathode, then from the results 
above the probability of seeing no electron is 

>.0 
O.63=P(O)=0! e->' 

from which the average number of photoelectrons 
per filament is >'=0.54. If one uses the usually 
accepted figures for the efficiency of the plastic 
scintillator, the attenuation in the filament, and 
the measured efficiency of the cathode, then the 
average number of electrons per filament is ex
pected to be 3, in marked disagreement with the 
number obtained for >. above. This makes it 
necessary to conclude that some combination of 
the following possibilities is operating: 

u. The efficiency of the scintillator ma
terial is not as high as previous measure
ments indicate. 

b. The attenuation of the filament scintil
lators is worse than previous measurements 
indicate. 

c. The first cathode efficiency is low when 
operated in the fringe magnetic fields en
countered .. 

d. The system (including film) results in 
only a fraction of the single electrons being 
photographed. 

e. The system in fact requires the order 
of 3 or 4 electrons per filament in order to 
record. 

Subsequent checks on the system indicate that 
the last of these possibilities is the most reasonable. 
Evidently the system yielding the tracks of 
figure 24-3 was in itself marginal, so that the 
slightly inferior system used in replacement (with 
overall gain, exclusive of video amplifier, '" 5 X 104) 

was not capable of giving really good tracks on 
a statistical basis. This serves to emphasize the 
difficulty and expense encountered in achieving 

an adequate intensifier system to perform ulieflll 
nudear physicfl. 

In preparation for using the chamber in the 
25,000 gaufI!' field described above, fltudiefl were 
made coupling a glass light pipe array to the 
filament chamber. In spite of initial optimiAm 
on the part of the commercial laboratories, it 
proved impossible to purchase a satisfactory 
lightpipe. Therefore we fabricated one in our 
laboratory in the form of a bundle of individual 
glass fibers whose diameters matched those of the 
scintillator filaments. Each scintillator filament 
was coupled to a glass fiber with a short, thin
walled aluminum sleeve. The fibers were 18 
inches long, inner core index 1.6, clad (for me· 
chanical protection) in glass of index 1.4. Meas· 
urements showed that 70 percent of the light 
from the scintillator gets into the glass, of which 
55 percent is transmitted 18 inches. Thus, ap. 
proximately 65 percent of the light is lost by the 
coupling. Cosmic ray tracks photographed with 
this arrangement are shown in figure 24-7. 

There are other experiments that have 
characteristics extremely well suited to the 
scintillation chamber, but in view of the expense 
and marginal performance of image tubes available 
in the United States, we are planning to perform 
them by means of spark chambers. We have, 
however, an RCA C 70035 tube with an 8·inch 
cathode and 0.040·inch·thick end window which 
was originally intended for these experiments. 
This tube has been incorporated in a device 
that has performed very well as a beam detector 
for high-energy exlemal accelerator beams of 'II" 

mesons and protons. A filament scintillation 
chamber 5 inches in diameter and l)~ inches long 
was mounted on the face of the image tube. In 
one·half of the cha~ber the filaments were close 
packed (not separated by nylon threads as were 
those in the chambers described above), and in the 
other half the filaments were placed individually 
in loose.fitting thin·walled (0.0015 inch) aluminum 
tubing and then stacked. The large cathode 
tube output demagnifies by a factor of 6. This 
tube was lens coupled to the single.stage intensifier 
orthicon C 74036 and the system placed in the 
beam of 735 Mev/c 'II" mesons and protons at the 
Brookhaven Laboratory Cosmotron. The image 
tubes were mounted in X·inch wall 80ft iron pipes 
and no difficulty was experienced with magnetic 
fringe fields. The advantage of such a system in 
beam detection, compared to methods used to 
date, consists in the good space resolution (about 
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FIGURE 24-7.-Tracks obtained with the chamber coupled to the first cathode by means of an 18-inch glass light pipe. 

I mm); the ability to see each particle in a weak 
beam (each particle, going along the length of the 
filament, gives approximatey 30 times the light 
given by a minimum ionizing particle at right 
angles to the axis of the chamber); and in the 
fact that the TV system allows remote and con
tinuous viewing. This latter feature makes it 
possible to view continuously the effects of various 
changes in the magnets used to focus the beam. 
Some results of this application are show:n in 
figures 24-8 through· 24-=11. J n figures 24-8 
and 24-9 a weak 11" beam is shown. Figures 24-10 
and 24-11 show the effect on beam profile of 
changing the current in one of the quadrupole 
pairs used in focusing. It is clear that there is 
light leakage from one filament to another in the 
close packed half of the chamber (right-hand half 
in the view). It is not clear that the filaments in 
the aluminum tubing pipe light as effectively 
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as the nylon-suspended filaments used in the p.

capture work. This point is being checked in 
a later nm, which will be reported elsewhere. 

The following remarks indicate the important 
features of an image intem;ifier system that 
would prove very useful in nuclear physics work. 
They are ba8ed on the recent successes achieved 
10 British laboratories in constucting high
performance transmH;SlOn secondary electron 
tuhes (TSEM). This tube was first provided, in 
a praetieal operating sense, by Wilcock at Imperial 
College, I,ondon, and is now available from a 
Rriti8h manufacturer at a reasonable price. In 
itSelf it is capable of providing sufficient gain for 
the photography of single electrons, and has good 
noise characteristics. Its main limitation is in the 
relatively small area cathode, a feature that is 
being improved. It is relatively easily gated. 
Tlms, a system for a typical nuclear physics 



FIGURES 24-8, 24-9.-Profile of a low intensity 'IT beam. 

FIGURES 24-10, 24-11.-EfJ~t of quadrupole focusing on 'IT, p beam profile. 
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application could be constructed using this as a 
second tube, lens coupled to a high resolution 
conventional sensitive orthicon, such as is avail
able in the GE-GL 7967. The first tube of the 
system should have a large area cathode of 
quantum efficiency at least 15 percent, preferahly 
mounted on a fiber optics window (for which 
there has as yet been no practical Ruccess 
achieved). The output of this first stage should 
be demagnified to the order of 1 inch or so. 
With such an arrangement the TSEM eould be 
gated to provide the short time resolution 
required. The phosphor of the first stage should 
have a short decay, '" 1 p.sec, and not show the 
long-life components that hamper the phosphors 
so far provided. In view of the light loss en
countered in lens coupling, a hetter arrangement is 
obviously to have the first tube consist of two 
stages in the same envelope, with the second 
stage provided with a low voltage gating grid. 

An important consideration is first-stage noise. 
Although some claims have been made for low 
noise, practical experience shows that this is often 
a limiting effect. It is important that, at the 
operating voltage required to give the advertised 

'gains, the noise meet the following considerations. 
If the cathode noise emission is N electrons per 
cm2 per second, and if the magnification factor is 
one-eighth, say, then at the output stage there are 
64 N electrons per cm2 per sec. If the sensitive 
gating time is 30 mi1liseconds (i.e. a TV frame 
interval), then there appear on the photograph 
64X3XI0-2 XN light spots per cm2

• If the 
numher that can be tolerated is, say, two spots per 
cm2

, then N mu;,;t be '" 1, which is dearly difficult 
to achieve. If a previous gating I:ltage is gated 
for 1 mi1lisecond, then N can be 30. If the gating 
is for 10 microsecondl:l, then N can be several 
thousand. A relation between N and a more 
conventional noise designation can be made as 
follows. Suppose a tube with 1:1 magnification 
is operating at 10 Kev, with an output phosphor 
of 5 percent efficiency. Then N electrons per cm 2 

per sec from the cathode will result in 

NXIQ4X5XlO-2X1.6XIO-19=8 NXI0- 17 

watts/cm2 

Thus, if the noise figure is 10-12 watts/cm2
, the N 

implied is'" 104/cm2/sec. 

Discussion 

A. B. DoTY: You mentioned an 8-inch tube. Can you identify this tube by number and 
manufacture? 

G. T. REYNOLDS: The 8-inch diameter image intensifier tube referred to in the paper was manufac
tured by RCA, Lancaster, Pa. The tube designation is C70035. 
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25. A REPORT ON THE IMAGE ORTHICON USING SLOW 
READOUT 

J. H. DEWITT, Dyer Obsermtory, Vanderbill University 

Prior to the development of the magnesium 
oxide target for the image orthicon by Wargo, 
Hannam, and Day, our work was directed toward 
the use of glass target tubes in planetary photog
raphy. Two developments have made it possi
ble to look at the image orthicon as a contender 
in the field of amplification of light at very low 
levels. The magnesium oxide target, which has 
a thickness of approximately ten-millionths of an 
inch, has the property, when cooled to a reasonably 
low temperature, of storing an electronic image 
over a period of tens of minutes without appre
ciable deterioration. The second development 
is the practical manufacture and utilization of 
the trialkali photocathode in the image orthicon 
tube. This photocathode shows a sensitivity 
improvement of about 3.5 to 1 at 4,300 AU over 
the regular S-IO photocathode. It also has a 
remarkable sensitivity in the red region above 
6,000 AU. 

Under a National Science Foundation grant, 
our work has been directed toward the develop
ment of practical equipment which could be used 
day by day in an observatory, and which would 
not require the services of personnel other than 
the astronomer and an electronics technician. 
It is felt that this objective in a large measure 
has been achieved. Although it has proved that 
the use of the slow scan technique does not 
improve directly signal-to-beam noise ratio, a 
number of important results ensue from the use 
of slow readout which indicate that such a system 
is the correct one to use in astronomical applica
tions. Some of the advantages of slow readout 
are as folI9ws: 

(I) Circuits have been designed using de
generative beam control which automatically 
compensate certain deleterious effects in the 
image orthicon and which permit an improve
ment in signal-to-noise ratio of approximately 
2-1. These methods would be difficult of 
application to a fast readout system. 

636674 0-62--13 

(2) The band width (100 kc) employed 
renders magnetic data storage much easier of 
accomplishment than with fast readout. 

(3) The beam current required to dis
charge a given spot on the target is reduced 
in a ratio of 100-1 or more. 

(4) The kinescope reproducing the picture 
in the slow scan system operates at low beam 
current which improves definition. 

(5) Photography of the kinescope is sim
plified. Most pictures are taken at f/8 with 
tri-X plates. 

(6) With slow readout, the camera and 
kinescope deflection coils are connected 
directly in series so that once the picture 
dimensions are established, there is little 
change in aspect or linearity with tube 
deterioration. 

There are advantages offered by a signal-pro
ducing tube system which merit its consideration 
for use in many astronomical problems. The 
equipment which has been developed utilizes a 
camera which weighs a total of 40 pounds, in
cluding the cooling unit. 'Vhen it is attached to 
the output of the telescope, information can be 
fed by cable to the operating and control equip
ment in a lighted and heated room. The entire 
electronic equipment can be put together, using 
parts and tubes which are available from manu
facturers today. 

Two scanning techniques are utilized. Under 
fast scan conditions the system becomes a regular 
closed-circuit television system, having approxi
mately 500 lines at 30 noninterlaced pictures per 
second. This fast system is very useful in 
alining the telescope on star fields or other objects 
which are to be "tndied. The sensitivity under 
these conditions is such tha t with a 24-inch 
reflector (f/16) an object such as the Ring Nebula 
in Lyra can just be seen. 'When sources of weak 
light are to be studied, the equipment is changed 
to the slow scan condition. In this condition 
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scanning is at the rate of 120 lines per second. 
The picture can be read out at a vertical rate of 
one sweep in 4 seconds. A pushbutton pt'rmit~ 
a second readout to be displaced by one-half 
line which makes it possible to record pictures 
having 960 lines. 

The magnesium oxide target image orthicon has 
heen found to have in effect two modes of response 
to incident light. This can be explained most 
easily hy assuming that a c('rtain time is r('quired 
for the target to he come comluctiv(', aft('r which 
time electrons from the reading beam find their 
way through the target quite easily and emerge 
as secondaries on the mesh side. It appears that 
a rigorous theory of this phenomenon is not 
forthcoming at the present time, for it has to do 
with conduction through a crystalline structure 
whi<-h in itself forms a very thin film. If the 
following a!'\sumptions (which mayor may not 
be rigorously correet) are made, then the effects 
which are observed are explained. It is assumed 
that when primary electrons first strike the 
target, the secondaries which are emitted come 
from the crystal lattice on the side of the target 
from which the primary electrons arrived. In 
time, a conducting path through the target is 
developed. Before this conducting path reaches 
the opposite side of the target, no information 
can be extracted even though the reading beam 
is allowed to scan continuously. Once the con- . 
ducting path gets through to the back side of 
the target, then its positive charge attracts 
electrons from the reading beam which go through 
the target quite easily and emerge as secondaries 
on the front sidc. Under these conditions, the 
tube is quite a number of times more sensitive 
than it is under condition of charge buildup. 

When an image is stored in the target it is 
possible to read-out part of the charge at regular 
intervals as long as the charge is being replenished 
from the front side. If the light image is turned 
off, it is possible to read-out most of the stored 
charge in one scan if the mesh voltage is increased 
just before the beam is turned on. It appears 
that the manner in which to use the tube, to 
achieve best result"" is fir",t to allow the target 
to become rharged in order that the desired 
information will appear on the back side (the 
"ide toward the reading beam). After this con
dition is reached, the beam should be turned on 
at intervals which are spared, so that the infor
mation bt'ing read out on each scan, just balances 
the information being fed in by primary elertrons 
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from the photocathode. Lnder these conditions, 
adyantage may be taken of the integrating prop
erties of the photographic plate used to store the 
information. For example, if four readouts are 
made on one pirture. the lens stop on the ramera 
is adju!;ted so that the density of the picture will 
be the same a" it would haye been with one 
readout. But the signal-to-noise ratio will be 
improved by the square root of·t Practical 
tests indieate that this law is obeyed quite well 
in our equipment. In any case, it is essential 
that the target be allowed to charge up between 
scans to the most desirahle level, otherwise 
multiple ;;cans will not produce the best signal
to-noise ratio. 

The Z-5396 image orthicon has a target mesh 
"paC'ing of 0.03 inch. The u"eful range of the 
tube is determined on the low end by beam 
noise, and on the upper end by the degree to 
which the beam can discharge the target. Bright 
stars produce larger images than faint ones as is 
the case with direct photography. Objects of 
very high light level in the field of view cause 
redistribution of secondary electrons which re
duces the sensitivity of areas nearby. 

One of the difficulties encountered with the 
trialkali photocathode was that its sensitivit~

in the red end of the spectrum caused it to pick 
up light from the thermionic cathode and its 
heater. This limited seriously the storage time 
which could he utilized in the tube. The manu
facturer has now incorporated a light shield in the 
new tubes which reduces this effect approximately 
4 to 1. Even though the shield has been helpful, 
the tube is still limited in storage time to approxi
mately 1 minute if it is operated at the rated 
heater voltage of 6.3. In the slow readout sys
tem, the required beam current is so low that it 
is possihle to operate the heater at 2.5 volt;;. 
This makes it possible to expose the photocathode 
over a long period of time without encountering 
any fogging effects from the thermionic cathode. 

Before the testing of the equipment at the 
telescope, it was te8ted in the lahoratory utilizing 
an artificial star pattern and standard TY res
olution patterns of varying sizes having 100 
percent contra8t. A light box with imaging lens 
is employed in which the test pattern may be 
pla('ed. Keutral den"ity and color filters may be 
inserted in the light path. The artificial star 
pattern con"ists of radial lines of artificial stars 
behind which are neutral density filters of varying 
degrees of absorption. There are 12 steps of 0.5 



magnitude each. Artificial star sizes have been 
adjusted so that the images which are produced 
at the photocathode of the tube or photographic 
plate under test are equivalent to images having 
a diameter of I second of arc at the output of the 
24-inch F -16 telescope. In making conparisons 
with photographic plates, photographs are taken 
first with the plate substituted for the image 
orthicon. Curves have been prepared showing 
minimum detectable density versus time for type 
103 aO and type 103 aU plates. With these 
plates, Wratten type 47 and 29 filter are used 
respectively. Measurements of the same plates, 
with test patterns, indicate that they have resolu
tions of the order of 40 line-pairs per millimeter, 
at a density of 0.36 which corresponds to the den
sity of a minimum detectable star image of I-inch 
equivalent diameter. Tests with the Z-5396 
image orthicon show that there is no detectable 
reciprocity failure in the tube. The measured 
gain in blue light, when compared with a I-minute 
exposure on new photographic plates (out of a 
recently received shipment), is 112 and in red 
light on the same basis is 114. Owing to reciproc
ity failure in plates, it is obvious that the gain 
must be specified at a certain exposure time; 
otherwise it is meaningless. With a good batch 
of 103 aO plates it appears that reciprocity failure 
between 1 minute and 600 minutes is 1.5 magni
tudes, and with 103 aU plates reciprocity failure 
between 1 and 600 minutes is approximately 2.2 
magnitudes. The image orthicon gains must be 
adjusted for this reciprocity failure if the com
parison is made on a 600-minute basis. 

This may be summarized as follows: 

Blue light (#47 filter): Fast 
gain on basis of minimum 
detectable artificial star 
image ................ . 

Red light (#29 filter): Fast 
gain on basis of minimum 
detectable artificial star 

Plme exposure 
time 103 aD), 

1 minute 600 minutes 

112 
Plme exposure 

time (103 aU), 

450 

1 minute 600 minutes 

image. . .. . . . . . ... . . . . . 114 900 

NOTE.-Fast gain only is quoted for the reason that slow 
gain, corresponding to the time it takes for target to reach 
an equilibrium or fully conductive state, depends to some 
extent on its previous condition. In any case, the time 
required to reach this condition is only 2 or 3 minutes at 
maximum, when the light level corresponds to that re
quiring a 600-minute (10 hours) exposure for photographic 
plates. 

Tests made with television-type resolution 

patterns show that the image orthicon system, at 
present, has a resolution of between 10 and 15 
line.pairs/mm over most of the 40·mm diameter 
photocathode. No great effort has been made as 
yet to improve this figure although some im
provement is possible. Theoretically the tube 
is limited to about 23 LP /mm by the collector 
mesh. In case the equipment is used for the 
study of spectra, where resolution is limited only 
by the apparatus, and not by the atmosphere, 
the measured gain of the image orthicon over the 
photographic plate should he divided by the 
square of the resolution ratio of the two devices. 

Assuming 40 LP/mm for the plate at the lower 
exposure limit, and 10 LP/mm for the tube, then 
all gains using test patterns should be divided by 
16. 

Measured gains using test patterns without 
correction for relative resolution are as follows: 

103 aD plate, 
1 minute 600 minutes 

Blue light (#47 filter): Gain= 225 900 
103 aU plme, 

1 minute 600 minutes 
Red light (#29 filter): Gain= 228 1800 

Light amplifiers appear to have their most 
useful application under conditions where the 
photographic plate is not now limited by the light 
of the night sky. This is true in the case of high
dispersion spectrographs and large focal length 
telescopes. In the case of spectrographs, it 
should be possible to obtain spectra of rapidly 
changing objects, such as variable stars, which 
cannot be obtained at the present time. 

In the case of long-focus telescopei, a point is 
reached at which no correction need be made in 
light amplifier gain because of poor resolution. 
The atmosphere itself limits stellar images on 
plates to a diameter of about 1 second of are, 
according to a number of authorities. This 
means that the resolution of the atmosphere 
would he the equivalent of 10 LP/mm in a tel· 
escope having a focal length of 75 feet. Long 
focal lengths and high F ratios are needed if we 
are to take advantage of the light amplifier; 
otherwise, it will be limited by night sky light. 

In July of this year, the equipment was taken 
to the Lowell Ohservatory for tests on the Morgan 
24·inch reflector and DTM spectrograph, at the 
invitation of Drs. Hall and Ford. The DTM 
spectrograph is arranged so that plates can he 
taken directly at its output, using anyone of 
three camera' lenses. Electronic devices can he 
tested at an alternate output using the same 
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lenses. Comparisons were made of spectra taken 
with plates using the 7-inch lens and with the 
image orthicon Z-5396 tube using the 12-inch 
lens. In the attached group of spectra there is 
a comparison of the star Beta Ophiuchi. (See 
fig. 25-1.) In addition, there are a number of 
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spectra of stars of different types which were made 
with the 12-inch lew, at the output of the DTM 
spectrograph. The bottom spectrum in this 
group indicates that 7.83 magnitude is reached in 
10 minutes' exposure time. The dispersion is 25 
AjMM at the photocathode. 
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FIGURE 25-I.-Test of Dyer Observatory image orthicon light amplifier at Lowell Observatory. 12-inch camera DT~I 
spectrograph on Morgan 24-inch reflector Z-5396 tube. S-20 surface, 
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In the course of our work at Lowell, it was 
found that the speed of the image orthicon was 
such as to make it difficult to use classical widen
ing techniques. Accordingly, an electronic 
widener was added to the camera which permits 
widening at a rate of 120 sweeps per second. To 
achieve this, deflection coils were added around 
the image section of the tube. A 120-cycle 
sawtooth wave is applied to the coil, which is ap
proximately oriented to widen the spectrum on 
the orthicon target at right angles to the direction 
of spread. A second deflection coil fixed at an 
angle of 90° permits fine adjustment of the direc
tion of widening. The degree of widening is 
controlled through the 120-cycle sawtooth wave 
current in the deflection coils. 

Photographs made directly at the output of the 
F-16 Cassegrain focus of the 24-inch reflector 
indicate that stars in the outer regions of the 
globular cluster M -13 of 19th magnitude can be 
reached in 100 seconds, exposure time. Other 
photographs which were made using multiple 
readouts of 4 seconds' storage are shown in the 
attached reproductions. Also attached is a photo
graph of M-57 (Ring Nebula in Lyra). This 
photograph represents five 4-second integrations 
interlaced with five additional 4-second integra
tions. (See fig. 25-2.) The 15th-magnitude star 
in the center of the nebula is easily reached in 
4 seconds. The additional readouts serve to 
smooth the general appearance of the pictu.re. 

Work is underway on a magnetic tape storage 
device, to use with our equipment, which employs 
X-inch tape in standard cartridges. These tapes 
are operated at 40 inches per second and will 
record the entire bandwidth of 100 kc per second 
during a period of 4 or 8 seconds. By recording 
the readout of the orthicon:it is possible later to 
display the data on an oscilloscope or a kinescope. 
This will give considerably more flexibility in 
adjustment of the apparatus for optimum con
ditions for photography. 

At the present it appears that the most useful 
type of tube for use in the equipment would be 
one similar to the GE Z-5396, which utilizes the 
S-20 trialkali photocathode, but which also would 
incorporate a field mesh. It is hoped that 

FIGURE 25-2 

developmental tubes of this type will be available 
shortly. Our experience seems to indicate that 
tubes having a trialkali photocathode have better 
target storage characteristics, than ones utilizing 
photocathodes having a high cesium content such 
as the S-10. Cesium condensed on the target 
increases lateral leakage, which causes poor defi
nition in images stored over a long period of time. 
The field mesh has the property of reducing beam 
bending in the readout process, causing the tube 
to produce a considerably better picture in areas 
of abrupt transition from black to whit~. It also 
has the property of reducing greatly spurious 
images which result from focusing of the first 
dynode of the tube. 

We feel that a considerable advantage has been 
gained in this research through the use of tubes 
and other components which are common to the 
television industry. Our equipment has now 
reached a state where it should soon be useful on 
a routine basis in a working observatory. 
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Discussion 

E. LEVINTHAL: Could you explain again signal-to-noise improvements of displaced second sweep? 
J. H. DEWITT: The image orthicon has the property of reading ahead of itself on vertical sweep. 

In an interlaced system, the first sweep reads out practically all of the information stored on the target. 
Since it is being read out at a greater rate, there are more charges picked up per second by the beam, 
hence a better signal-to-noise ratio. In our system, the target is read out at the higher rate. A second 
image is placed on it and it is again read out at the same rate with the lines displaced so as to create a 
960-line picture with good signal-to-noise ratio. 
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26. THE APPLICATION OF THE LALLEMAND ELECTRONIC CAMERA 
TO STELLAR SPECTROSCOPY* 

MERLE F. WALKER, Lick Observatory, Unil'ersity of California 

A Lallemand electronic camera was installed at 
the Lick Observatory in the fall of 1959 by Prof. 
A. Lallemand and Dr. M. Duchesne. l The 
camera was mOl}nted at the focus of the 20-inch 
Schmidt camera of the coude spectrograph of the 
120-inch reflector, and has been used regularly 
since its installation for the observation of stellar 
spectra. The details of this installation, together 
with a complete description of the electronic 
camera, has been given elsewhere.! Thus, it is 
necessary here only to review briefly the operating 
characteristics of the system. 

The electronic camera is a "direct electrono
graphic" system, in which a photocathode, an 
electrostatic lens system, and a photographic 
plate are introduced into a single evacuated 
chamber. There are no intermediary films, 
phosphors, or electronic systems between the 
photocathode and the final receptor to degrade 
and distort the information provided by the 
photoelectric surface. Consequently, the LaUe
mand electronic camera has the following 
characteristics: 

1. Speed.-Each photoelectron produces a track 
consisting of about 10 grains of silver and having 
a length of about 10 p. in the Ilford G5 plates used 
to record the electronic· image. Thus, the speed 
of the system depends only upon the quantum 
efficiency of the photoelectric surface. The gain 
in speed of the electronic camera over a Kodak 
103 aO plate, at a wavelength of 4,000 A, is shown 
in figures 26-1 and 26-2. For these tests, the 
camera was mounted at the focus of the coude 
spectrograph and the comparison spectrum source 
was used as a standard lamp. Exposures Were 
made both with the camera and on Kodak 103 aO 
plates, using three different neutral filters in the 
light path, and for each filter, adjusting the 
exposures to give the same threshold images with 
the camera and with the 103 aO plate. Figure 

26-1 shows the three sets of spectra obtained. 
In each set, the uppermost spectrum was recorded 
with the electronic camera and Ilford G5 plates; 
the lower with Kodak 103 aO. The exposure 
times are: (1) Topmost set: electronic camera, 10 
minutes; Kodak ] 03 aO, 7 hours 2 minutes. 
(2) Middle set: electronic camera, 1 minute; 
Kodak 103 aO, 25 minutes. (3) Bottom set: 
electronic camera, 2 seconds; Kodak 103 aO, 15 
seconds. The exposure times of each of the three 
plate pairs, adjusted for differences in the plate 
limits, differences in the sensitivities of the photo
cathodes used, and for the additional light-loss 
caused by the mounting bracket of the electronic 
camera,! are plotted in figure 26-2 in terms of the 
gain in speed of the electronic camera over the 
103 aO plate as a function of the exposure time 
with the camera. The figure shows, as one would 
expect, that the speed gain varies with the 
exposure time, owing to the reciprocity failure of 
the photographic plate. The curve in figure 26-2 
represents the variation which one would expect 
assuming the correctness of the usual rule that the 
exposure time with a 103 aO plate must be in
creased by a factor of 3 to increase the plate limit 
one magnitude. These speed gains refer to 
photocathodes of average sensitivity, about 40 p.AI 
lumen; with the very best cathodes, the speed is 
nearly twice that indicated in the figure. In 
assessing these speed gains, it must be kept in 
mind that the ultraviolet sensitivities of the 
cathodes used in the electronic camera are low, 
owing to the absorption of the conducting coating 
applied to the glass cathode mountings.! 

2. Resolution. -The resol ving power of the 
electrostatic lens system is very high. In practice, 
the axial resolution is limited not by the lens sys
tem, but by the length of the electron tracks in 
the nuclear plates. As mentioned earlier, Ilford 
G5 plates (which are the most sensitive to elec-

"Dr. R. Hardie, Dyer Observatory, Vanderbilt University, presented the paper in Dr. Walker's absence. 
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F_cung 26-1.--Comparison of the speed of the electronic camera with Kodak 103 aO plates. The upper spectrogram in
each of the three sets was made with the electronic camera and Ilford G5 plates; the lower was obtained with Kodak
103 aO. Exposure times: {_pper set: electronic camera, l0 minutes; Kodak 103 aO, 7 hours 2 minutes. Middle set:
electronic camera, 1 minute; Kodak 103 aO, 25 minutes. Lot_er set: electronic camera, 2 seconds, Kodak 103 aO
15 s_onds.

trons) have electron track lengths about 10 # in

length and the resolving power is considerably

better than that of Kodak 103 aO, even allowing
for the reduction of 0.75 between the cathode and

the plate occasioned by the electron optical sys-

tem) Ilford C2 plates have a lower sensitivity to

electrons--by a factor of about 4--but they have
a resolving power comparable to that of Kodak

Microfile film/ The diameter of the photo-
cathode of the electronic camera is 18 mm, and

the high electronic resolution is preserved over
more than two-thirds of this diameter, t In

actual use at the focus of the cond6 spectrograph

the field of good definition is only about 10 mm

in diameter, presumably owing to incorrect design

of the curvature of the first surface of the glass
lens on which the cathode is deposited, and which

is used to bend the focal plane of the Schmidt

camera to the radius of the photocathode required
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by the electron optics. Also, some difficulty is

experienced in placing the electronic camera

accurately in the focal plane of the spectrograph
camera) and the resolution of the plates obtained

during some runs at the telescope suffers for this

reason. The focus of the electronic plates repro-

duced in figure 26-1 is soft owing to incorrect

optical focusing of the camera.

3. Discrimination.--Owing to the high quantum

efficiency of the photoelectric surface and to the

fine grain of the nuclear plates, the electronic
camera should be able to discriminate fainter

sources against a bright background than is

possible using ordinary photographic plates.

4. Linearit_,.--Experiments at the Paris and
M[eudon Observatories __ have shown that when

Ilford G5 or C2 plates are exposed to electrons

rather than light, the blackening of a surface

element of the plate is proportional to the number
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FIGURE 26-2.-Comparison of the speed of the electronic 

camera with Kodak 103 aO plates at 4,000.t The 
points represent the data in figure 26-1 corrected as 
indicated in the text and expressed in terms of the 
gain in speed of the electronic camera over the 103 aO 
plate as a function of the exposure time with the cam
era. The curve represents the variation in speed·gain, 
with exposure time calculated on the assumption that 
the exposure time of the plate must be increased by a 
factor of three for each one-magnitude increase in the 
plate limit. 

of incident electrons, and hence to the intensity 
of the incident light. This linearity of response 
is maintained up to a photographic density of 3.3 

The effect of this linear response is to make the 
electronic plates look rather "washed out" com
pared to ordinary photographs. This is shown 
in figure 26-1. In the figure, it will be seen 
that the intensities of the faintest lines are about 
equal on the electronic plates and on Kodak 103 
aO, but that the strongest lines appear much 
stronger on the 103 aO plates. 

5. Sign,al-to.noise ratio.--During 1960, several 
improvements were made at the Lick Observatory 
in the operation of the electronic camera. These 
included: 

(1) Semiautomatic refilling of the liquid 
air dewars on the camera, to avoid the 
necessity of terminating the exposure after 
45 minutes in order to add liquid air. 

(2) Use of a titanium-ion pump, which 
improves the vacuum inside the camera 
from a few times 10-6 mm IIg to about 3 X 10-9 

mm IIg and completely e1imina,tes the "ionic 
spot"-a dark spot on the electron-optical 
axis of the nuclear plates caused by the 
ionization of residual vapor in the camera. 

(3) Vacuum storage of the nuclear plates 
before use. 

e 4) Extreme precautions in the cleaning 
and preparation of the tube to insure having 
the interior parts as clean as possible. 

(5) Elimination of corona discharges 
around the camera during its operation. 

As a result of these improvements, it is now 
possible to preserve a single photocathode for 2 
successive nights of observation and to expose 
each plate up to 4 or, under the very best condi
tions, as much as 6 hours before the parasitic 
blackening of the plate becomes excessive. Using 
the electronic camera at the focus of the 20·inch 
camera of the coude spectrograph of the 120-inch 
reflector, and with a dispersion of 48 A/mm on 
the photocathode, or 65 A/mm on the nuclear 
plate, it is possible to obtain an unwidened 
spectrum of a star of mJ)g= 16 in about 3 hours, 
with a good cathode and good seeing. That this 
limit is not fainter results from the fact that the 
48 A/mm dispersion is considerably outside the 
range for which the spectrograph was designed 
and represents a compromise between efficient 
operation of the spectrograph and the securing 
of a reasonable length of spectrum on the photo 
cathode of the electronic camera. Consequently, 
a good part of the speed of the camera is utilized in 
overcoming the low efficiency of the optical 
system. 

During the last 2 years, electronic observations 
of a number of objects of different type have been 
obtained with the 120·inch coude spectrograph 
mostly at the above-mentioned dispersion of 48 
A/mm. These include nuclei of extragalactic 
nebulae, old novae, stars in globular clusters, 
and gravitationally contracting stars in extremely 
young clusters. Accounts of some of the scien· 
tific results obtained have been published 
elsewhere. l4- 8 Of these programs, only two 
will be described here. One is to illustrate the 
use of the electronic camera in two of the three 
types of spectroscopic observations for which an 
image intensifier is particularly valuable. The 
other is high time resolution spectroscopy, and 
observation of the spectra of faint stars, for which 
the exposure times would be excessively long using 
conventional photography. The third type of ob· 
servation for which the electronic camera would 
be particularly advantageous is the spectrophoto. 
metric study of line profiles, for which the fine 
grain of the nuelear plates and the linear response 
of the system will provide higher accuracy than 
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can be obtained from ordinary photographic 
plates; so far, high-dispersion observations of the 
type needed for such problems have not been 
attempted. 

The application of the electronic camera to high 
time-resolution spectroscopy is illustrated by ob
servations of the explosive variable AE Aqr. AE 
Aqr is a spectroscopic binary having a period of 
0.70 day and consisting of a small, hot star and 
a relatively cool, late-type compimion of spectral 
typed dKO.9 The system exhibits intrinsic varia
tions in light, characterized by occasional novalike 
explosions having amplitudes of three magnitudes 
in blue light and by rapid, complex explosions of 
about one-half magnitude in blue light, lasting 
from one to several hours.9 Between the latter 
outbursts, the star remains fairly constant at min
imum light, about mpg= 12.5. In order to under
stand the nature of the processes occurring in this 
system, it is desirable to obtain observations of the 
spectroscopic changes associated with the rapid 
variations in light. To resolve these changes, it 
is necessary to be able to photograph the spec
trum in an interval of not more than about 15 
minutes. However, the system is so faint that 
it would be difficult to obtain widened spectra 
with a dispersion of 48 A/mm in this time even 
with the 200-inch Palomar reflector. Thus, the 
results discussed below represent data which prob
ably could not have been obtained by any other 
means. 

Observations of AE Aqr have been obtained on 
:3 nights in 1960 and one night in 1961. The 
observations in 1960 were made with cathodes 
having sensitivities only about half, or even less, 
of the average sensitivity to which the speed gains 
in figure 26-2 refer. Even so, it was possible to 
obtain spcctra of AE Aqr in 20 to 30 minutes, at 
minimum light and 12 to 15 minutes, during an 
explosion. In 1961, a better cathode was avail
able and the exposures were about 12 minutes at 
minimum light and 7 minutes at maximum. With 
the very best cathodes, these 1961 exposures could 
be made still shorter by nearly another factor of 
2. During the observations, the star was mon
itored photoelectrically by other observers at the 
Crossley reflector, and the mcasures were imme
diately reported to the 120 ineh as a guide to 
when to expose the plates, in order to obtain 
spectra at minimum light and at different times 
during the explosions. Figures 26-3 and 26-4 
show the results obtained on August 14, 1960 
(UT). Figure 26-3 shows the light curve of AE 
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Aqr in ultraviolet light obtained (in this instance 
by Dr. A. E. Whitford) with the Crossley reflector 
and indicates the times at which the spectroscopic 
observations, shown in figure 26-4, were obtained. 

Preliminary examination of the material so far 
obtained shows that the activity of the system is 
very complex. In general, a new "event" begins 
before the preceding one has ended. Thus, it is 
difficult to isolate the spectroscopic changes 
associated with a single explosion. The most 
clear-cut example of these changes so far obtained 
is shown in figures 26-3 and 26-4. Figure 26-3 
shows that plate ECL-83 was taken during a 
fairly undisturbed minimum, while ECL-8~ was 
taken during a single, rapid maximum. Com
parison of these spectra show that during this 
explosion the emission lines of hydrogen and Ca 
II became stronger and broadencd asymmetrically 
toward the violet, while the absorption spectrum 
of the late-type component became filled in by 
continuous emISSIOn. Other series of observations 
show that the broadening of the emission lines is 
not always toward the violet. Sometimes the 
lines broaden toward the red, and sometimes they 
broaden symmetrically. This result shows that 
the explosions arise in localized areas within the 
binary system. The analysis of many such 
observations, together with a knowledge of the 
phase in the spectroscopic orbit at the times of 
observation. may eventually make it possible to 
learn something not only of the nature of the 
explosive process, but also in what parts of the 
system the outbursts most frequently originate. 
That they are not confined to one specific area is 
already shown by the fact that at the same 
spectroscopic phase, explosions producing emission 
lines broadened both to the red and to the violet 
have been observed. 

An example of the application of the Lallemand 
electronic camera to the spectroscopic investiga
tion of very faint stars is the observations which 
have been made of faint, gravitationally contract
ing stars in the Orion ~ebula and NGC 2264 
having ultraviolet excesses. The existence of 
these ultraviolet excess stars was first discovered 
photographically by Haro,lo and independently 
by Walker 11 from photoelectric observations. 
The nature of the ultraviolet exceS5 i5 not under
stood. It has been shown that the excess cannot 
be explained in terms of Balmer emission, if the 
emitting region is optically thin.lo However, the 
excess could be due to Balmer emission if the 
Balmer lines originate in an optically thick layer 
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FIGURE 26-3.-Photoelectric light curve of AE Aqr in ultraviolet light. This light curve was obtained by Dr. A. E. 
Whitford on August 14, 1960 (UT), with the Crossley reflector, simultaneously with the spectra shown in figure 26-4·. 
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FIGITRE 26--4.-IIigh time-resolution spectra of AE Aqr, taken with the electronic camera and the 120-inrh refiertor on 
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the plates were taken are marked on the light curve in figure 26--3. 
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and if the lines actually run together 100 A 
longward of the Balmer limit, due to the low 
resolving power of the spectrograph used in the 
earlier investigations (430 A/mm at Hy)Y 
Observations of ultraviolet excess stars using a 
higher dispersion are clearly desirable in order to 
determine whether the excess results from Balmer 
emi"sion or from some new and unknO~ll emission 
process.13 14 

Spectra of the four stars having ultraviolet 
excesses so far observed are reproduced in figure 
26-5, and data concerning these spectra are given 
in the following table: 

TABLE 26-1 

Date UV I 
Star (UT) mag pl excess !Exposure 

1960 (mag) 

h m 
VY Ori (u~per)., Nov. 24 ~16 Large ... 2 08 
VY Ori (ower. 1 Dec. 23 15 ... do .... 2 10 
yy Ori (upper~. Nov. 24 14.3 0.8 ..... 1 35 
YY Ori (lower . Dec. 23 14.3 0.8 ..... 1 00 
MO Mon ..... Dec. 24 14.8 1.0 ..... 2 00 
IP Mon ...... Dec. 24 14.5 0.3 ..... 1 33 

.... ' ....• .. i • Ta-~~"l! "If ~ IIJl n 
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In general, it will be seen from figure 26-5 that 
the spectra are similar to those of other T Tau 
stars, showing bright lines of hydrogen, Ca II, 
and in some cases Fe I, Ti II, and He I. In three 
of the stars-VY Ori, ;\10 Mon, and YY Ori-the 
underlying late-type absorption spectrum is either 
partly or totally obliterated by a blue continuum. 
The ultraviolet excesses of VY Ori, MO \1on, and 
YY Ori are easily seen in figure 26-5. The excess 
is particularly outstanding in the uppermost 
spectrum of VY Ori, taken when the star was at 
minimum light, mpg~ 16. On this plate, the con
tinuous spectrum shortward of H 5 is below the 
plate limit, and only the emission features are 
visible until the onset of the ultraviolet excess at 
about 3,800 _A. 

The most remarkable feature of the spectra is 
the presence of redward-displaced hydrogen ab
sorption lines in YY Ori and MO Mon. While no 
absorption features are seen in VY Ori, it is 
probable that redward absorption exists since in 
this star as in YY Ori and MO Mon, the lower 
members of the Balmer emission lines are shifted 
to the violet by amounts ranging from -100 to 
-170 km/sec at H5 and which decrease with 
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FIGURE 26-5.-Spectra of faint, gravitationally contracting stars in the Orion l\'ebula and l\'GC 2264 having ultraviolet 
excesses. From top to bottom the stars are: VY Ori (two plates), YY Ori (two plates), MO 1\Ion, and IP ]\)00. 

Data concerning these spectra are given in the text. 
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increasing quantum number, becoming constant 
and approximately equal to the cluster or ab
sorption line velocity at about H 10 or H 12. 
There is no evidence of redward-displaced ab
sorption Jines in IP Mon. However, this is not 
surprising as the star has a very small ultraviolet 
excess and displays an essentially normal late
type absorption spectrum, with only ea II II 
and K emission cores. 

The velocities of the redward-displaced ab
sorption features range from + 150 to +200 km! 
sec and do not vary with the quantum number of 
the line. There seems little doubt that these 
features originate in a layer of material overlying 
both the late-type stellar continuum and the higher 
layers in which the blue continuum and the emis
sion features are formed, and that the material in 
this outer layer is falling onto the surface of the 
star. Even though the number of stars observed 
is small, the fact that evidence of infall is found 
in each star having a large ultraviolet excess 
would suggest that in these stars, unlike the ma
jority of T Tau stars, infall of material dominates 
over ejection of matter by the stars. However, 
more observations are needed, for the phenomena 
occurring around these objects are very complex, 
as is shown by a plate of YY Ori taken 24 hours 
after the lower plate of this star shown in figure 
26-5. This plate ~hows that the redward-displaced 
absorptions have faded out (but are probably still 
present, as the hydrogen emission lines have the 
same displacement to the violet) and a new ab
sorption feature has appeared with a velocity of 

-108 km/sec, indicating that a new, expanding 
layer has formed. 

The nature of the ultraviolet excess is still not 
clear. Spectrophotometric tracings show that in 
every case the excess begins at about 3,800 A. 
thus, the excess cannot be caused by the con
fluence of the Balmer emission lines themselves, 
since these are resolved to H 17 or II 18. However, 
since it is clear that self-absorption plays a large 
role in these objects, it is perhaps possible that 
the excess could be caused by the extreme wings 
of emission lines whose central intensities are cut 
down by self-absorption. Further increases in 
dispersion will not help in the solution of this 
problem. We are already limited by the intrinsic 
widths of the emission lines themselves. In order 
to determine the nature of the ultraviolet excess, 
observations of the intensity distribution short
ward of the Balmer limit or the Paschen limit, 
will be required, or perhaps the discovery of stars 
having a large excess but little or no hydrogen 
emission. Whatever the nature of the ultraviolet 
excess, it is interesting to speculate whether it 
could be produced in some way by the infall of 
material onto these stars. 
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27. IMAGE INTENSIFIERS FOR SOLAR PHOTOMETRY 

EDWIN W. DENNISON, Sacramento Peak Obsermtory, Air Force Cambridge Research Laboratories 

To date the "tandard method of making solar 
photometric observations has been by the meam; 
of photographic materials. The one exception to 
this practice is the use of photomultiplier tubeR 
for measurements in the solar spectrum. Both of 
these techniques have their limitations: (a) The 
photographic emulsions are limited by low 
effective quantum efficiency, cumbersome reduc
tion techniques, and poor uniformity; (b) the 
photomultiplier technique permits the measure
ment of only a single area at anyone instant of 
time. Thus, for example, measurements made 
over a large field are generally more efficient with 
photographic techniques because of the simulta
neous acquisition of information at all points in 
the field. 

At the Sacramento Peak Observatory we chose 
the image orthicon tube for our initial experiment" 
with image intensifiers for several reasons. First, 
all the photoelectronic and electronic processes 
within the tube are essentially of a linear nature. 
Secondly, although the signal integration takes 
place over the entire field, the readout signal is 
derived by sweeping the image in a point-by-point 
manner. This latter fact makes signal manipu
lation such as information storage or conversion 
to isophotes a more practical pORsibilit y.l 

Our efforts have been made with the goal of 
attempting to determine the intrinsic limitations 
of the image orthicon tube. Initially, our com
parisons have been between the orthicon and 
high-speed photographic materials. Ultimately, 
of course, we must compare the orthicon perform
ance with the intrinsic limitations imposed by the 
statistical fluctuations of the photon image. 

Our results to date indieate the following general 
conclusions: 

(a) At approximately the same resolution 
amI photometric accuracy the orthicon shows 
a very substantial "peed gain, approximately 
500. This woulll appear to he too largc a 
factor anll more testing will be necessary to 
more quantitatively cstabliiSh the resolution 

in photometric differences. Undoubtedly, 
when proper compensation is made for the 
differences in resolution and photometric 
accuracy, the gain factor will be substantially 
reduced. 

(b) We have not as yet been able to im
prove photometric accuracy by increasing 
exposure time. That is, we are apparently 
limited by the target storage capacity. 
Clearly it should be possible to improve 
photomctric accuracy by averaging thc out
put presentation over a series of separate 
target Bcans. 

(c) Because of the character of the beam 
noise, the image orthicon appears to show 
a limited dynamic range. That is, we are 
unable to make photometric measurements 
of images in which there is a large rangc of 
intensities over the field. 

(d) The image orthicon is very sati,.;faetory 
for use with an isophote contour generator. 

(e) The image orthicon system is most 
convenient to use and adjust once the 
initial period of circuit development is 
completcd. 

Our experiments have been madc with aGE 
type Z529·1- image orthicon and our cntire tele
vision system was constructed for us under a 
contract with the Eberline Instrument Corp. of 
Santa Fe, N. i\{ex. ' 

Accepting the fact that much additional work 
is required to perfect and adjust the electronic 
circuits associated with the image orthicon, we 
definitely feel that this is a useful approach to the 
problem of improving solar photometric m4'a"ure
mentiS. The orthicon's outstanding advantage, 
namely, reduced exposure time, offsets thc 
existing di~allvantagcs of lower photometric 
accuracy anl1 limited dynamic range. The pri
mary limitation in image resolution on the solar 
I'urface arises from the tf'rrcstrial atIllospIwric 
turhulence which disturbs the relatively long 
exposure times, gen4'rally from 1 secoJl(1 to 1 
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FIGURE 27-1.-Basic operational diagram of the field photometer using an image orthicon as a signal generating light 
intensifier. Lower left-hand insert ~how8 exposure control patterns used for exposures larger or shorter than standard 
frame time of 1/30 sec. 

FIf;URE 27-2.-IIalftone and contour pictures showing Doppler structure on the solar surface. The vertical line is a hair 
across the spectrograph slit. Fifteen-millisecond exposure. 
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"FIGURE 27-3.-Halftone and contour picture made with the "pc("lrop;raph "lit pla("('"<1 across a Aolar promin('ncc. Onc· 
tenth second exposure. 

minute, required by high.speed pho~ographic 

materials. It ha!> been our experienee, and also 
that of others working in the field, that under 
conuitiollR of excellent seeing the resolution on 
the sun improves as the exposure time is decreased 
to approximately one-twentieth or one-fiftieth of a 
second. Clearly, the image orthicon allows us 
to make oh"ervations with our high-dispersion 
spectrograph at very short exposure time with 
an improvement in resolution resulting from 
essentially stopping the atmospheric-induced im
age motion. Thcse techniques arc only prac-

tiea] when applied to low-contrast images such 
as wcak to moderate intcnsity solar lint'''', the 
solar corona, the solar chromosphcre over a limiterl 
range of heights, etc. 

There exist, of course, other areas of ,.;olar 
photometry for which tht' limitations imposl'd by 
the image orthieon arc scriml;; and other typcs of 
image intensifiers will he required. Expcrimenb 
will he conducted using non-signal-gl'nerating 
image intensifiers and other forms of signal
generating image intensifier~ as they l)t'comc 
available. 

Reference 
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28. ASTRONOMICAL APPLICATIONS OF IMAGE INTENSIFIERS 

"-. G. FORD, JR., ami :\1. A. TUYE, Departtnpnt of Terrestrial J[agnetism, Canl('[!,ie ["stiluie (if rrasliingloll 

Cascade and 'Iica-Window Tubes 
in Astronomical Applications 

The Carnegie Image Tube Committee was 
formed in 195t to investigate possible method;;; of 
image intensifieation for a,;tronomieal appliea
lions. At that time it was not dear which of 
several proposed methods would yield the most 
useful result,;. Professor Lallemand had already 
demonstrated with eonsiderable sueces;; the poten
tialities of his electronographic technique for both 
faint ",tar photography and for spectroscopy. But 
becau,.;e of the- operational difficulties involved in 
the- use of the Lallemand device, systems better 
,;uite<1 for routine usc were sought. 

Just after the last ERDL Image Intensifier 
Symposium, in the fall of 1958, we obtained our 
first cascaded tubes from RCA and were able to 
demonstrate to our satisfaction their potential use
fulnes,; in astronomical applications. After a series 
of tests on the 40-inch reflector at the D.S. ~ aval 
Observatory's Flagstaff Station, we reported 1 2 

that the main shortcomings of the electrostatically 
focllsed cascaded tubes were: (1) poor phosphor 
screen,., (2) small area of good definition, aBd 
(3) inRufficient gain. Phosphor screens improved 
markedly and the later electrostatically focused 
tubes could he operated at higher voltages, with 
acceptably low background, so that the gain was 
adequate for many of our purposes. It was ap
parent that magnetically focused tubes would 
provide good resolution over areas 40 mm in 
diameter and larger. The development of these 
tubes is described by R. G. Stoudcnheimer in this 
symposium (Paper Xo. 6). 

Single-stage converters with phof>phor screens 
deposited on thin end windows 3-6 are an aUrac
tive alternative to cascaded tubes, or imaging 
electron multiplier,;, for some prohlems. "'ith 
these tubes photographic film iii pressed into 
optical contact with the thin window in order to 
provide efficient transfer of the optical image 
from the phosphor screen to the photographic 
emulsion. In spite of the thickness of the mica 

window ,being as little as 8 microns, these tubes 
have proved to be remarkahly reliahle and con
venient. They have been particularly useful to 
Russian astronomers in infrared spe{'troscopy.7-9 
In thi,; country, L "T. Fredrick at Lowell Ob8erva
tory has made a survey of stellar spectra in the 
0.9- to 1.2-micron region 10 with electrostatic 
miea-window tubes made for the Carnegie Image 
Tube Committee hy ITT Lahoratorie". The,;e 
electrostatic tuhe,; have had ,;mall arcas of good 
definition, hut magnetically focu"e!l tuhes show 
promise for speetrmlCopic work of good 41efinition 
over 40 mm. 

The preliminary samples of hoth the magnetie 
cascaded tuhes and the magnetic mica-window 
tubes whieh we ha'-e evaluated thus far have been 
betSet with such technological diffi{'ulties a,; fiel(1 
emission, low photocathode sensitivity, ion spots, 
etc. Continued development work should soon eli
minate theRe temporary difficulties. "'e helieve 
that when this is done, these image tubes will pro
vide a method of utilizing the high quantum effi
ciency of photocathodes in routine astronomieal 
observations. Then, astronomers will have an al
ternative for many application" to the more diffi
cult techniques of Lallemand and the complex 
image orthicon cir{'uits of De Witt and Livingston 
described elsewhere in this symposium. 

Short-Exposure Applications 

Earthbound astronomers must work with 
images which change constantly, due to the 
movement of turbulent air cells of varying optical 
den",ity. By making sufficiently ,;hort exposures, 
we can minimize the effect of poor seeing. 

ConRider the prohlem of measuring the separa
tion of dose douhle stars. Visual oh,.;erver,.; found 
long ago that sharp, wdl-defined images arc seen 
more frequently with telescopes of ,;mall aperture 
than with larger tele,;copes. For thi,; reason, 
telescopes of moderate size arc frequently ",.;topped 
down" to increase the prohability of catching 
sharp images. At the same time, however, the 
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images are making rapid, random excursions from 
a mean posItIOn. Short exposures are required, 
therefore, in order to have a chance at recording 
relatively stationary images. Clearly, a com
promise must be made between small aperture 
and short-exposure time. 

An image inten~ifier permits shorter exposure 
times to be used effectively in this application. 
The usual. procedure has been to use a negative 
lens to enlarge the image on the photocathode, so 
that the size of the image is determined almo"t 
entirely by the seeing. Since exposures are of 
only a few milliseconds' duration, spurious emis
sion is rarely a problem. 

C. "'\'(leriek, J. Rosch, and :\T. F. Dupre have 
obtained excellent photographs of both double 
stars and planets with a LaIIcmand tube attached 
to the 60-cm F /30 refractor at Pic du Midi. Many 
exposures are made on a single plate and the 
sharpest images selected for measurement. 

The Carnegie committee has explored the use 
of cascaded intensifiers in this application. We 
attached a sma]), electrostatically focused two
stage tube, made by RCA, to the Lowell Ob
servatory 24-inch refractor. A negative lens gave 
a scale at the photocathode of 3 seconds of arc/mm, 
and a movie camera with a fast relay lens was used 
to photograph the phosphor screen. For a reso
lution of l3 Ip/mm, this gives us a potential 
resolving power for the detector of 0.25 second of 
arc, assuming that the telescope optics are that 
good. The gain of the best of our RCA two-stage 
tubes was sufficient for millisecond exposures on 
double "tar pairs down to around 8th magnitude. 

---==--=-=---=----=-=--~ .. -.-. ~:...:-~ "..;:~ -~ ~:.~ -:-...... .!,~--::-
--- -

·FIGURE 2ll-1.-Microphotograph of an image of the viRual 
binary .')1 Aquilae obtained hy L. W. Fredrick with an 
RCA electrostatic cascade tube. The separation of the 
two stars was measured on a series of similar photo· 
graphs and foulld \0 he 0.46 ± 0.05 second of arc. 
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This work has been pursued by Dr. Fredrick, at 
Lowell, with considerable success. Figure 28-1 
shows a microphotograph made of one of Dr. 
Fredrick's images. 

This same technique can be applied to planetary 
photography. The extremely low contrast of 
planetary detail makes the problem more difficult. 
We tried photographing Mars with this equip
ment during the 1958 opposition, but the phosphor 
graininess in the tubes available then, completely 
masked any low-contrast detail. 

De Witt's ingenious image tranquilizer II has 
provided another method of reducing the effects 
of transverse image motion. Perhaps a similar 
compensation system can be applied to other 
intensifier tubes. 

Faint Object Photography 

In order to see exactly how an image intensifier 
can be used in photographing weak astronomical 
objects, consider the process of photographing, 
with a conventional plate, a faint star. Because 
of the light of the night sky, this is a contrast
limited problem. Dr. ''lorton has dealt with the 
l-itatil-itics of low-contra~t imaging in an elegant 
manner elsewhere in this symposium (Paper ::\"0. 
12), so it is only necessary here to indicate how 
these considerations apply to telescopic work. 

Modern photographic plates are sufficiently 
sensitive so that with telescopes of ;;mall f-ratio 
they are fogged to appreciable density with only 
moderately long exposures. With an f/3.5jnstru
ment, for example, a 30-minute exposure on a 
moonless night typically yields a background 
density due to the sky of around 0.6. A weak 
image must stand above this general background 
by an appreciable amount if it is to be detected. 

The image of a faint star will just be recognized 
if the number of blackened grains due to the star 
in the image, S, is equal to 

k[(B+S)+Bp", 

where 1,: is the coefficient of recognition and B is 
the number of background grains in an element 
of equal area. Since for faint stars S is small 
compared with B 

An expression for the magnitude of a threshold 
image can be derived using the notation and 
method of Baum in his rla"l-iic paper on the detec
tion of faint images against the sky background: 1213 



n = Average number of eli~ible unscattered 
photons per second received per unit area 
at the surface of the earth from a faint 
star. 

N=Average number of eligible photons per 
second received per unit area at the 
~urfa('e of the earth from unit solid angle 
of sky background. 

t= Effective integration time. 
q= Average quantum efficiency of the sys-

tem. 
D=Aperture of the telescope. 
F=Focallength of telescope. 
a= Angular diameter of the star image. 

n! =:\1 agnitude of the star within the wave
length band of the system. 

Jf = Magnitude per unit solid angle of sky 
background. 

The number of blackened grains in the star image 
IS 

and in a background element, B= (7r/4)ND2a 2qt 
(1 + R), where R is the ratio of the background 
contributed by the detector to the sky background. 

The magnitude of a threshold star, 

mo=M-2.5Iog (no/l\.,T). 

From the expressions above for 5 and B, we 
obtain 

(no/N )=a2(l + R)So/B 
= ,/2ka2 (1 + R)/ B)1 

Of course, there is a limit to the number of 
blackened grains in an image element. If E is 
the maximum number of statistically independent 
grains per unit area, then B saturates at a value 
equal to a 2PE and 

(no/N) = ,'2ka(1 + R)I FE);' 

This indicates that the longer the focal length 
of the telescope and the finer the grain of the plate, 
the fainter the stars which can be photographed. 
The limiting magnitude does not depend directly 
on either the quantum efficiency of the detector 
or the integration time. High quantum efficiency 
is necessary to make exposure times feasible, but 
it is the storage capacity of the system that 
determines how faint we can go. 

'With the Lallemand tube and the barrier-film 
variations of it, the limiting magnitude is made 

fainter by the use of very fine-grain, eledron
sensitive plates. Eaeh photoelectron makes a 
blackened grain; or in the finer cml1l~ion5, a traek. 
Thus, the quantum efficiency as we have defined 
it (the number of independent registered events 
per photon) remains high if the photocathode has 
a high quantum efficiency in the more conventional 
sense. 

Increasing the limiting magnitude of a telescope, 
by using an image intensifier such as a cascade 
tube, to permit exposures on finer grained, and 
hence slower plates, depends on the uniformity of 
the phosphor screen. (See fig. 28-2.) But the 
sensitivity of available photographic materials 
falls off so rapidly, for only slight improvements 
in photographic granularity, that this is not a 
particularly promising approach. 

Another way is to use the efficiency of an image 
tube system to improve the limiting magnitude 
which can be reached with a telescope of given 
aperture and to increase the effective focal length 
of the instrument. This is not a difficult optical 
requirement. At Flagstaff, Lowell Observatory 
has a 24-inch Cassegrain reflector with three 
interchangeable secondary mirrors. These give 
focal ratios of f/16, f/32, and f/l04. 

We have made test exposures on this telescope 
with each of the secondary mirrors in connection 
with our program for evaluating image -tube per
formance. The most successful exposures, thus 
far, have been made with the preliminary samples 
of magnetically focused cascade tubes from RCA 
and ITT. The ion spots and field emiBsion in the 
first sample tubeB have restricted their uBefulness, 
but nevertheless, these test exposures have 
indicated that this method is quite promising.H 

Spectroscopy 

The most extensive application of image 
intensifiers by astronomers probably will be in 
spectroscopic problems. The specifications which 
must be met by intensifiers used successfully in 
these problems are more severe than those for any 
other application. For example, resolution is 
more important here than in faint object photog
raphy since the width of the image is just the 
projected spectrograph slit width, rather than the 
much larger seeing-limited diameter of a stellar 
image. In general, the real or information gain 
of an intensifying system over an unaided photo
graphic plate is the product of the gain in exposure 
time and the square of the ratio of the resolution 
of the system to the resolution of the plate. 
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FIGURE 28-2.-Comparative exposures obtained on the ·U.S. Naval Observatory 40·inch reRector. The 5-minute 
exposure was made on a slow, fine-grain emulsion (type IV-G) with the aid of an RCA electrostatic cascade tube 
wilh a P20 phosphor screen. The 20-rninute exposure is directly on a moderately fast photographic plate (type 
ITa-D) having approximately the same spectral response as the multi alkali photocathode. 

One application of image intensifiers in astro
nomical spectroscopy is in photographing spectra 
of time-varying phenomena. Here the speed of 
the image tube system can be used to obtain 
spectra of events whose actual duration may be 
less than the exposure required for an unaided 
plate. Walker has used the Lallemand tube to 
record the spectra of the irregular variable AE 
Aquarii during an outburst. 15 

The gain provided by an intensifying system can 
also be used to obtain spectra of fainter objects 
than can be obtained directly in the same exposure 
time. Or, alternalively, the gain can be used to 
de ted weaker features in the spectrum by in
creasing the information storage capacity of the 
Rystem; for example, with slow, fine-grained 
plates. 
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A final application of image intensifiers is in 
providing better detectors in regions of the spec
trum where conventional plates are relatively 
inefficient. In particular, intensifiers with Sl 
photocathodes will provide great increases III 

sensitivity over existing photographic plates. 

Summary 

The major emphasis of the Carnegie Image Tube 
Committee during the past year or so has been on 
the promotion of the industrial development of 
magnetically fOCllsed image intensifiers. 

Work lIuring previous yean, has demonstrated 
the feasihility and usefulness of two general types 
of image-intensifying devices. One type involves 
pressing photographic film into optical contact 



with a thin mica window in order to provide 
efficient tram,fer of an optical image from a phos
phor screen to the photographic cmulsion. The 
second general type of device relies on some 
method of internal electron multiplication to 
produce an image on a phosphor screen that is 
sufficiently bright to be photographed with con
ventional lenses. To date, for us the most 
successful has been the cascaded tube having an 
intcrnal phosphor screen and a second photo
cathode in optical contact with it. 

Photographic emulsions, as used in astronomy, 
require about 1,000 quanta of incident light per 
developable grain of ,,;ilver halide, whereas a good 
photoelectric cathode will emit one primary 
photoelectron for every 7 to 10 incident quanta. 
Thus an ideal gain in sensitivity of perhaps 100 
over that of the regular photographic procedures 
may be possible. In actual practice, and over 
an extended wavelength range, this potential 
gain factor is perhaps more like 40 or 50. 

In addition to studies aimed at achieving the 
maximum useful gain with sealed-off tubes, the 
committee has !lought to develop image tubes 
at industrial laboratories which would give good 
gaim over photographic procedure and yet be 
simple to use, relatively permanent in calibration, 

and generally available to all astronomers. Pro
totype image tubes became ayailahle for testing 
this year from industrial supplicr~ Hnller support 
of a National Science Foundation grant. This 
grant was made after the earlier Carnegie efforts 
and tests were carried out, in order to underwrite 
the rather large indu:;trial costs for prototype de
velopment. These tubes promise to be highly 
useful in many fields of astronomical research. 
Using special fine-grained phosphors of high re
solving power, and with magnetic focusing using 
permanent magnets, three types of image tubes 
can now be manufactured each of which provides 
a practical gain of a factor of 10 or more over 
photography. Spectroscopic researches, and new 
work on douhle stars have been strikingly success
ful with the prototype tubes, and it is hoped that 
initial manufacture of these tubes in modest 
numbers can be arranged during the coming year. 
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Discussion 

w. F. ~IKLAS: Could you please comment on the mica-window tube utilizing electronography? 
W. K. FORD: "We have not worked with an electronographic mica-window tube. The recent 

work of "\1cGee and Wheeler, described in the London symposium in September 1961, indeed looks 
very promi8ing. 

J. \VATERS: Have you evaluated the magnetically focused tube made by Twelfth Century Elec
tronics in England, and if so with what results? 

\V. K. FORD: No. \Ve have, however, evaluated both 'Wilcock's imaging electron multiplier and 
TSEMs developed and made at the Westinghouse Research Laboratories. These tubes will be com
petitive, for our purposes, with the ca8cade tubes when they are available in larger sizes and with 
8lightly improved resolution. Of course, the spuriou8 background, due to penetrating "econdary 
electrons, must be kept low. 
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29. EXPERIMENTS WITH THE BENDIX CONTINUOUS-CHANNEL 
MULTIPLIER 

G. W. GOODRICH and W. C. WILEY, Research Laboratories Ditision, The Bendix Corp. 

Introduction 

Because of the interest being expreAsed in con
tinuous-channel multipliers, we would like to 
discuss the results of some of the experimental 
work done in this area at Bendix Research Labora
tories. At the same time, we would like to 
acknowledge the interest and support of the 
Astrophysics Branch of the National Aeronautics 
and Space Administration which made many of 
these measurements possible. Since the time 
available for presentation is rather limited, it will 
only be possible to present a summary of the most 
important results. 

~~I"""'~""')---------------~ 
I. 1 .1 

./ ENLARCED VIEW 
/" SHOWINC ACTUAl 

TRAJECTORY 

FIGURE 29-1.-Prin"iple of channel multiplier. 

As shown in figure 29-1, a continuous-channel 
multiplier consists of a long thin tube, the inside 
surface of which contains a high-resistance coating. 
When a potential difference on the order of 1,000 
to 2,000 volts is applied between the metalized 
ends, a uniform electric field is established within 
the channel. A secondary electron within the 
channel wiII, in general, be created with a trans
verse velocity equivalent to about I electron volt 
of energy. This transverse velocity wiII carry it 
across the tube while the electric field accelerates 
it down the tuhe. By proper proportioning of 
diameter and field strength, a sufficient amount of 
energy is imparted to the typical electron so that 
it will, on the average, generate more than one 
secondary upon collision with the opposite wall. 

Thus, a cascading action is instigated which can 
produce electron gain which exceeds lO6. Arrays 
of such multipliers appear to be useful for image 
intensifiers. Among intensifiers which operate on 
the multipactor principle, continuous-channel 
multiplier intensifiers appear likely to offer 
advantages in ease of fabrication, minimization of 
electric field gradients, and freedom from cross
talk. Among other intensifiers as a whole, con
tinuous-channel multiplier intensifiers appear to 
offer advantages in size, weight, operating voltage, 
and simplicity of operation. 

Experimental Results 

An accurate analysis of operating characteristics 
of continuous-channel multiplier presents formi
dable problems because these characteristics 
depend upon the statistical distribution of emission 
energies, emission angles, and upon secondary 
emission ratios, as both a function of energy and 
angle of incidence. Many of these properties are 
presently not known. In addition, exact analyti
cally derived relationships are too complex to 
provide much design im;ight. For this reason, 
we have turned to empirical methods to establish 
the characteristics. However, one useful result 
from trajectory analysis, which is virtually self
evident anyway, is that the device can be scaled 
in such a fashion that similar gain characteristics 
are maintained, if both length and diameter are 
changed in proportion. The potential applied 
between the ends is held unchanged. 

Gain measurements as a function of applied 
voltage and length-to-diameter ratio have been 
made on tubes ranging from 0.004 inch to 0.0-1-
inch. Figure 29-2, which happens to be for a 
0.022-inch I.D. channel, is representative of such 
measurements. As can be seen, gains up to about 
106 are obtained. Feedback commonly occurs 
when the gain exceeds about lO6 for tubes smaller 
than 0.022 inch. A somewhat lower limit applies 
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FIG{:RE 29-2.-Gain characteristics of O.022-inch tubes. 

to larger channel diameters. The region of about 
10~ to 10.5 electron gain is of greatest interest in 
image inten;;ification and feedback is not in 
evidence here. Thu;o\, gain appears adequate. 

Because of the statistical distribution of impact 
energies, there is particular rea;;on for investiga. 
tion of noise addition to signals. Measurements 
of RMS noiAe, added to a signal by a continuouA. 
channel multiplier, have been made as follows. 
A known input current was initiated in a channel 
by a Sr 90 beta source. The output current was 
directed into an electrometer circuit with a 
known RC time constant. A regular sequence of 
readings was taken from the electrometer at 
intervals separated by a large number of time 
constants. The fractional RMS noise was then 
computed from these readings and divided by the 
fractional RMS noise expected in the input current 
{TOm Rhot noise ron;;ideration;;. The result;; are 
shown in figure 29-3. The X·axis represents 
normalized potential gradient; i.e., the number of 
volts increa;;e in potential in a distance along 
the long axis of the tube equal to one diameter. 
The Y-axis represents noise factor; i.e., the 
fractional RMS noise in the output divided by 
the fractional RMS shot noise in the input current. 

Plotted on the same figure, for comparison, is 
the noise factor to be expected purely on the 
basis of Poisson emission statistics such as would 
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FIGURE 29-3.-Noise factor. 

be predicted in a discrete multiplier with the 
same gain per stage as the average gain per impact 
in the channel. The reliability of the data points 
increases substantially from left to right. This is 
because the gain, and therefore the output current, 
is 20 times higher for the extreme right point 
than the extreme left and the electrometer was 
relatively much less subject to capacitive coupling 
with objects moving in the room and to meter 
reading errors. Both spurious effects will produce 
fictitiously high noise factors. In this sense, the 
measurements to the left constitute an upper 
bound more than a determination. In any event, 
if one take" the noise factor of about 1.4 which is 
found around 36 to 40 volts, diameter as typical, 
it is interesting to note that it is the same distri
bution as could be expected from an exponentially 
decreasing pulse height distribution. This distri
bution has been experimentally found for a 
number of multiplier devices such as TSFE 
intensifiers and conventional photomultiplieri', 
although it is not predieted by Poisson statistics. 
It can further be shown, that if the first impact of 
a photoelectron going into a continuous-channel 
multiplier is made to produce a plurality of 
secondaries, the contribution to noise (If the 
continuous-channel multiplier is reduced. For 
example, if six initial secondaries are produced, 
the continuous-channel multiplier contribution to 
the overall noise factor, (based on the IA noise 
factor obtained above), will be only 0.08. There 
appears to be no obstacle to realizing some such 
arrangement in practice. While no serious noise 
problems have been indicated by this work, it 
should be recognized that the number of such 
measurements is not great, and more work would 
be useful in this area. 



Discussion 

J. M. GRANT: What is the maximum value of the secondary emission ratio of the channel surface, 
and at what primary energy does this occur? 

G. W. GOODRICH: In our work, measurements of the performance of secondary emitting 8urfaces 
have always been made in terms of overall continuous-channel multiplier performance. Therefore, 
this number is not available. Since many quantities are interconnected in a complex fashion, we 
believe this procedure is easier, and gives more realistic information than separate mea!i!Urements of 
secondary emission ratio as a function of energy and angle of impact, etc. In extrapolating measurements 
made on various emitters, I believe more realistic results would be obtained if the value for C, in your 
work, were determined at the average energy of impact (around 100 electron-volts for Ero= 16 volts) 
rather than an arbitrary determination at the primary energy corresponding to the maximum secondary 
emission ratio. This will give values of C from 0.03 to 0,05 for commonly used secondary emitters. 

G. PAPP! What is the inside coating of these multipliers, and how do you maintain uniform field 
distribution along the channels? 

G. W. GOODRICH! The channels are comprised of a semiconducting metallic oxide coating on a 
glass substrate. Uniformity of the field is maintained by providing uniform surface resistivity in the 
semiconducting material. Since the fabrication of the surfaces requires a certain amount of art and the 
area is of a general proprietary nature, more specific details cannot be given at this time. 

W. F. NIKLAS: Did I understand you correctly in that you have knowledge of the velocity distribu
tion of the TSE electrons? 

G. ·W. GOODRICH! The secondary electrons in the continuous-channel multiplier are normal second
aries rather than transmission secondary electrons (TSE), so we do not have information about the 
velocity distrihution of TSE electrons. 
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30. EXTREME ULTRAVIOLET DETECTION WITH THE BENDIX 
SINGLE-CHANNEL PHOTOMULTIPLIER * 

D. W. ANGEl" H. ~T. COOPER, W. R. HUNTER, and R. TOUSEY, [1.5. Naml Research TJaboratory 

The continuous-channel photomultiplier de
veloped by the Bendix Research Corp., and 
described in the previous paper by G. W. Goodrich 
and W. C. Wiley, promises to be useful as a 
detector of extreme ultraviolet radiation. Its 
tiny size, combined with high sensitivity, makes 
it unique among photocells. In this paper, there 
are presented the first results of a study of the 
response of a few channel photomultipliers to 
extreme ultraviolet radiation. Ordinarily, to 
scan an image photoelectrically, a small movable 
aperture is placed in the image plane, and a 
phototube with large enough cathode to cover 
the entire image is situated behind the scanning 
aperture. The channel photomultiplier, however, 
is so small that it serves also as the aperture. 

Figure 30-1 is a diagram of the channel multi
plier and the basic circuit, and figure 30-2 is a 
photograph of an actual channel, with leads 
attached. A beam of nearly parallel extreme 
ultraviolet radiation was allowed to enter one end 
of the channel, at a small angle to the axis. As 
will be shown later, the optimum angle was found 
to be IS° to 20°. Photoelectrons ejected from 
the semiconducting internal surface were accel
erated down the channel by the high voltage, 
with multiplication taking place at each coUision 
on the wall. The emergent electrons were col
lected by a small plate, maintained at about 67 
v positive, and the current was measured by a 
suitable amplifier and recorder. 

The particular channels ~tudied were four in 
number, of O.215-mm internal diameter, and 
length to bore ratio of approximately 50. One 
channel of 0.41-mm bore was also tested. 

The extremc ultraviolet radiation was pro
duced by a I-meter grating vacuum monochrom
ator. Figure 30-3 shows at the upper right the 
chamber, attached to the exit slit, into which the 
fixture holding the channel is introduced hon-

*Sponsored by 1'\ ASA. 

CHANNEL PHOTOMUTlPLIER 

FIGURE 30-1 

FIGURE 30-2 

zontally. The vertical fixture at the top of the 
chamber was provided for monitoring the beam. 
A fluorescence sensitized I-P21 photomultiplier 
monitor was used during all thc mcaSllrement8, 
and for determining the beam intensity at each 
wavelength, relative to Lyman-alpha, 1,216 A. 
For making an absolute determination of thc 
energy at Lyman alpha, the I-P21 was removed 
and an ionization chamber with LiF window 
introduced in its place. 

The fixture holding the channel photomulti
plier is shown removed in figure 30-4. The 
channel may be secn in place, held to a Kel-F 
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FIGURE 30-3 

FIGURE 30-4 

support, on the end of a ~haft. This fixture 
permitted rotating the channel through measured 
angles with respect to the light beam around an 
axis passing through the end where the light was 
incident. 

The chamher containing the multiplier was 
evacuated by a separate 2-ioch diffusion pump, 
with liquid nitrogen trap, shown at the center of 
figure 30- 3, so as to pump away rapidly the small 
amount of gas coming through the exit slit. 
The vacuum was maintained at 10-6 mm IIg or 
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better during all measurements, a value sufficient 
to remove all possihility of gas ionization effects. 
In some of the first tests, with a poorer vacuum, 
difficulties were encountered from contamination 
of the multiplier, probably with decomposition 
products of hackstreaming oil from the pump. 
The result was an overshoot whenever the photo
multiplier was exposed to radiation; the current 
rose quickly, then dropped in a few seconds to a 
steady value of the order of half the initial value. 
This phenomenon was not observed with proper 
evacuation. 

Measurements of spectral response were made 
for one channel, set at 15° to the beam, and oper
ated at 1,500 volts. The data are presented in 
figure 30-5, together with values of photoelectric 
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yield for untreated tungsten, obtained hy Hinter
egger and Watanabe 1 (}.> 1,000 A) and Walker, 
Wainfan, and Weissler 2 (}.<l,OOO A). Because 
the gain of the channel photomultiplier was not 
known, only relative values of photoelectric yield 
were ohtained. As plotted, they were adjusted 
to agree with the values of tungsten between 1,000 
and 1,100 A. The spectral response of the channel 
multiplier was quite similar to that of tungsten, 
although the photo-emitting surface on the inside 
of the channel was not tungsten, but was an oxide 
of some other metal. Like phototuLes with 



tungsten cathodes, however, the channel photo
multiplier is blind to visible, an!l ncar ultraviolet 
radiation, and 10 mo~t of the Schumann region. 

To test the stability and reliability of the 
channel photomultipliers, a number of runs of 
output versus applied voltage were made at 
1,216 A and 581t A. Results for one channel arc 
presented in figure 30-6. Data on three other 
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FIGURE 30-6 

channels were similar. The channels were irradi
ated at 15° to the axis. The ordinate is the 
current output in amperes, for an irradiance 
value of I erg cm-2 sec-I. To obtain the actual 
measured currents, it is necessary to multiply 
by the irradiance. This value was 004 erg cm-2 

8ec-1 for ~1,216 A, and 0.009 erg cm-2 sec- I for 
~58" A. Thus the actual current output ranged 
from 4X 10- 11 to 10-8 amperes at >-1,216 A, and 
from 10-11 to 10-9 at >-584 A. 

The several curves for >-1,216 A refer to different 
runs on the same channel. These were made 
over a period of " day;;, as follows: Run No. 1 
at ~1,216 A was made on the first day. After 
staying overnight in a 1 -mm Hg vacuum, a run 
was made at >-584 A; this was followed by a 
Yz-hour exposure to air and then run No. 2 at 
~1,216 A. Run No.3 was made2 hours after the 
second run. The multiplier was then left over-

night in a I-mm vacuum, next placer! on the 
diffu"ion pump fort hours without the Ii1uirl 
nitrogen. Then the trap was filled and run No. ,t 
was made. A fter this, the multiplier was removed 
anrl placed in a desiccator overnight, and run 
No.5 was marie on the fourth (lay. 

It can be seen that the sensitivity of the multi
plier increased with usc by nearly a factor of 2, 
but appeared to steady down after several run;;. 
The other tubes te,;tetl showed a nearly identical 
increase with use, but showed somewhat lower 
sensitivity value,,; in one case about one-half _as 
great as for the first tube. 

The channel photomultipliers showed fatigue 
when overloadc(l, either by excessive voltage, or 
by too much radiation. This was manife8ted by 
a gradually declining output current. ,\fter a 
short rest period, however, recovery appearefl to 
be complcte or ncarly so. The several runs 
indicate by their terminal point,.; the volLage at 
which fatigue was fir"t ob,;erved. 'When new, 
the tube,; appeared to withstand without fatigue 
a higher voltage than after usc. Current values 
were of the order of 10-8 amps at these upper 
limits, but 10-9 amps is probably a safer limit for 
this size multiplier. 

It was possible to calculate the gain at ~1,216 A 
by assuming that the value,; of photoelectric yield 
determined by reference to tungsten (fig. 30-5) 
are correct. These caleulated values of gain at 
~1,216 A, that is, electrons output per photo
electron, are ,;hown by the scale at the right of 
figure 30-6. Useful gains between 104 and 105 

were attained. 
The channel photomultipliers, as used in this 

study, were operated far above the region of single 
photon counting. F'or example, a current output 
of 10-9 amp, with gain of 10\ mean,; 6X lOS photo
electron;;; per second. ;\,; a result, the statistical 
noise in the output was negligihle. Noise was 
sometimes encountered, but this was produced in 
the light source. By proper operation of the 
discharge tube and monochromator, the output 
current could he made nearly noise free. 

The current value with no light was u,;ually of 
the order of 10-12 amp, which was negligihle 
compared to the current being measured. This 
was mainly a leakage current, and was reduced by 
cleaning with acetone to Ie,;,; than 10-13 amp. It 
is probahle that the true dark current was very 
small, and that with more refined clcaning pro
cedures, the leakage current could he reduced 
still further. 
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The response against angle of incidence was 
studied in detail for only the first photomultiplier 
received, of hore 0.41 mm. The result is shown 
in figure 30--7. The maximum response occurred 

BENDIX CHANNEL PM 

COS II 

FIGURE 30-7 

with radiation incident at ahout 15° to the axis. 
For other photomultipliers the maximum ranged 
to angles as great as 20°. On axis, the response 
was reduced to 30 percent, presumably because 
some of the radiation passed all the way through 
the channel without striking the wall. Since 
most of the portion intercepted by the wall was 
incident far down the channel, the photoelectrons 
received less amplification. The on-axis value is 
not of significance, since it must be strongly 
dependent on the degree to which the radiation is 
parallel. 

At angles greater than 15° the response followed 
approximately a cosine curve as would be expected, 
since this is the function describing the projected 
area of the end of the channel. Actually, the 
response fell below the cosine curve. This might 
he expected, since some photoelectrons produced 
very close to the end of the channel may be 
ejected outward and not captured by the field 
inside the channel. As the angle of incidence 
approaches 90°, the beam becomes confined to 
the very end; at lesser angles, because of the 
greater angle of incidence and the increased 
reflectance value, the beam penetrates well down 
the capillary and all the photoelectrons are cap
tured. Another possible explanation is that the 
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photoelectric yield is reduced, near normal inci
dence, as is known to be the case for potassium. 

The application for which the channel photo
multiplier is being considered is the monitoring of 
the sun's disk in the light of the Lyman-alpha line 
of hydrogen. This portion of the project is under 
the direction of J. D. Purcell, C. R. Detwiler, and 
R. Tousey. The measurements are to be made 
from the solar-pointed portion of the NASA S-17 
orbiting solar observatory. 

Figure, 30-8 is a schematic of the instrument. 

FIGURE 30-8 

The sun's radiation is incident on a diffraction 
grating which forms nearly stigmatic images of 
the sun in the various monochromatic line emis
sions. For the wavelength diffracted normally to 
the grating, the image is completely stigmatic. 
It is planned to employ a l-meter radius grating, 
producing an image of the sun 4.6 mm in diameter. 
One channel photomultiplier will he placed at the 
center of the sun's Lyman-alpha hl,216 A image. 
A channel of O.IS-mm hore will be used; this will 
intercept an area of the sun 1° of arc in diameter, 
thus providing a picture hy turning the entire 
instrument in a raster type of motion, as indicated 
hy tbe insert in figure 30-8. The motion will be 
through 40° of arc in one direction, then stepped 
down through 1 ° and scanned hack again, and so 
forth until a 40- by 40-foot area centered on the 
sun has heen covered. 

The use of the channel photomultiplier in this 
instrument has two great advantages. First, its 
near complete lack of response to the intense 
yisible and near ultrayiolet solar radiation serves 
automatically to reject the strong stray light in
cluded in the spectrum produced by the single 



grating. Second, its simplicity and extremely 
small size and weight adapt it perfectly to this 
8atellite scanning application. 

It is also planned to use one or more additional 
channel photomultiplier detectors to monitor the 
sun in other wavelengths. For example, a channel 
will be placed in the image produced by the 304 A 
line of ionized helium. The third order image, 912 
A, will probably be employed, since it falls near 
the grating blaze. It will be essential, however, to 
eliminate the intense scattered light from Lyman
alpha, >"1,216 A, to which the channel is sensitive. 
This can be accomplished by introduction of a 
thin film of aluminum into the beam, at a position 
a few mm in front of the channel. Aluminum is 
opaque at all wavelengths greater than 850 A and 

transmits well at 304 A. Photoelectrons ejected 
from the aluminum can be prevented from entering 
the channel by keeping the aluminum at a 
potential a few volts positive relative to the end of 
the channel. 
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31. MEDICAL APPLICATIONS OF IMAGE INTENSIFICATION 

EUGENE C. KLATTE, Indiana University School of Afedicine 

During the last 2 years image intensification 
has gained wide clinical acceptance in the field of 
radiology. The image amplifier is an important 
adjunct to fluoroscopy. With intensification of the 
fluoroscopic image one to several thousand times, 
dark adaption has become unnecessary. Fluoro
scopic resolution has become markedly improved 
and diagnostic acumen thereby increased. The 
disadvantage of present-day amplifiers is their 
bulk. Palpation of the abdomen-particularly 
in the upright position-is more difficult and the 
constant movement of the increased weight of the 
image tube is tiring. Remote-control fluoroscopic 
units have been developed I 2 but they are quite 
costly and have not been generally accepted. In 
spite of the disadvantage, the increased clarity of 
the fluoroscopic image and the lowering of radia
tion dose to the patient are so advantageous that 
most radiologists plan to replace their conven
tional fluoroscopic units as soon as it becomes 
economically feasible. 

The main deht of the field of radiology to image 
intensification is that it is now possihle to ohtain 
sufficient light from the fluoroscopic screen to be 
able to perform cineradiographic procedures with 
little more radiation dose than that necessary for 
conventional fluoroscopy. For some time cine
radiography has he en considered a useful experi
mental tool. It has now been estahlished as an 
important part of the armamentarium of the 
radiologist in the study of dynamic function. 

There are three basic types of screen intensifi
cation systems being used in medical cineradiog
raphy today. The first system employs the 
electrostatic triode image converter. Fluoro
scopic viewing is by means of a mirror optical 
periscope and the cine recording are taken di
rectly from the output phosphor of the image 
tube.* 

The second system employs an extremely 
sensitive image orthicon connected by means of 

·Manufactured by General Electric, Keleket, Philip8, 
Picker, Westinghouse. 

mirror optics to a conventional fluoroscopic 
screen. t The intensified image is viewed on a 
television monitor and the image may be re
corded by means of a kinescope or a video tape 
system. 

In the third system the fluoroscopic image is 
focused by means of mirror optics on the input 
screen of a light amplification tube. tt The 
intensified image can be filmed off the output 
phosphor, or viewed through a periscope or 
television system. 

There may be various combinations of the 
above methods. The most common is the com
bination of an electrostatic triode image con
verter and an image orthicon. This combination 
is capable of amplifying the fluoroscopic image 
over 50,000 times. 

The high-contrast resolution of currently avail
able amplification systems is 30 to 50 line-pairs 
per inch. This is less than one-half that obtained 
with conventional radiographs and is currently 

. the main limiting factor of cineradiography. 
There is a noticeable improvement in the apparent 
resolution of cineradiographs when viewed in 
motion, due to the superimposition of several 
images during the latent period of the eye. A 
common factor which decreases image resolution 
is the direct result of manufacturing improye
ments of amplification systems, lens systems, and 
film emulsion. Due to increased speed of these 
systems, cineradiographs may he obtained at 
such low radiation doses that a marked deteriora
tion of image quality has resulted. Many radiol
ogists do not realize that a certain number of 
information-hearing photons must be absorbed 
by the input ph06phor of the image tube in order 
to form a clear confluent image which can then 
be amplified and recorded.3 With very low 
radiation levels, the statistical fluctuation of 
the number of photon per given area may caU;lC 
a marked decrease in low contrast resolution. 

tManufactured by Marconi. 
t t:\lanufactured by Old Delft. 
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It has been our experience that with image 
amplification systems of beyond 2,000 gain, it 
is frequently necessarr to decrease the speed of 
the lens system in order to obtain good diagnostic 
clinical studies. 

The radiation dose of any particular cineradio
graphic examination is dependent upon a number 
of factors: the quality of the X-ray beam, whether 
the unit is synchronized, the image amplification 
factor, the speed of the lens system, the filming 
speed and the type of film used for recording. 
With present-day units, it is now possible to 
perform cineradiographic examination of the 
heart in an adult patient at 30 frames per second 
for from 0.1 to 10 r per minute. 

Clinical Applications 

Cineradiography has long been recognized as a 
useful research tool; however, only in the last 
few years has it been established as an important 
clinical tool. Cineradiography is now recognized 
as the best radiographic method of studying 
dynamic function. 

In the study of the pathological anatomy and 
physiology of congential heart disease, the cinera
diographic method is ideaV-s A general advantage 
of the cineradiographic method is that the filming 
unit is an integral part of the cardiac catheteriza
tion unit so that the patient does not need to be 
moved to another area for filming. Also one 
can observe the image during the filming sequence; 
the diagnosis can usually be made and the 
necessity of future angiographic sequences with 
different injection sites or different projections 
can be made immediately. At Indiana Univer"ity 
Medical Center, we study all patients with 
congenital heart disease with selective cine
cardiography at the completion of cardiac cathe
terization. This philosophy was adopted for 
the following reasons. In many cases, inadequate 
catheter exploration occurs. It frequently is 
impossible to pass the catheter into the outflow 
vessels or left heart. Confusing catheter findings 
may be present due to the streaming effect of 
blood. The cineradiographic method is also 
more accurate than oxygen determinations in 
diagnosing small left to right shunts. By visualiz
ing the anatomy of thc ahnormality, the surgeon 
is frequently better able to plan in advance the 
best surgical approach. This method also supple
ments the catheterization findings so that a more 
secure preoperative diagnosis is possible. At 
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our institution, over ~,OOO children with congenital 
heart disease have been "atisfactorily studied 
by this method. 

The value of selective left heart cinecardio
angiographic techniques in acquired heart disease 
is now firmly established.7 It is the most accurate 
method of evaluating insufficiency lesions of the 
aortic and mitral valves.8 It also gives valuahle 
information as to the pathological anatomy of a 
valve and is helpful in determining whether a 
valvuloplasty or valvular replacement may be 
necessary. 

In the study of coronary artery disease, selec
tive cineangiographic techniques have been of 
considerable value in accurately outlining the 
extent and location of atheromatous changes. 
These studies can be correlated with electro
cardiography to better evaluate this indirect 
method. With the beginning of surgical correc
tion, the necessity of exact information in deter
mining the course of these individuals has become 
extremely important. 

The urinary tract is another organ system in 
which cineradiography has proven to be a valuable 
method of study.9 The beauty of the method is 
that the dynamics of these motile visiers may be 
demonstrated with a gonadal dose of less than 
200 milliroentgens. The principle utilization of 
this technique at our institution has been in the 
study of bladder and urethral abnormalities in 
children. Over 400 children have now been 
studied. The diagnoses of bladder neck con
tracture, urethral stenosis, posterior urethral 
valves, neurogenic dysfunction of the bladder, 
and ureteral reflux can now be reliably made. 
The study of the dynamics of the upper urinary 
tract is important in differentiating normal caly
cine and ureteral contraction from deformity 
or stricture. lO The importance and reliability of 
this method of examination cannot be overem
phasized. Of children referred with symptoms of 
urinary tract disease, less than 30 percent are 
normal. Many have conditions such as bladder 
neck contracture, the correction of which may 
be lifesaving. 

In order to adequately study the gastrointestinal 
tract, the functional dynamics must be closely 
examined. This is routinely attempted at fluoro
scopy but rapidly occurring events cannot be 
appreciated. Also during such examinations, the 
radiologist must maneuver the patient and 
manipulate the X-ray machine while he is at
tempting to arrive at diagnostic conclusionsY 



By obtaining a permanent record on cine film, 
these distractions are eliminated and later he 
may more carefully analyze and interpret the 
results. Also during conventional fluoroscopy, it 
is usually possible to study in detail only one 
section of the fluoroscopic image at one time. 
The action must therefore be viewed repeatedly 
through a number of cycles with additional dose 
to the patient and operator. In contrast to this, 
if a filmed record is obtained, the radiologist may 
analytically study the film record on multiple 
viewings, focusing his attention first on one area 
and then another until the full amount of informa
tion is appreciated. The film is also a permanent 
portion of the patient's record so that the dynamic 
appearance of variouslesionR can be longitudinally 
studied and compared. The cine method admir
ably records the abnormal dynamics of neuro
logical disorders of the pharynx and esophagus, 
vascular lesions of the esophagus, and abnor
malities of the esophagogastric junction. The 
rapid filming rate makes the difficult differentia
tion of an H-type tracheoesophageal from aspira
tion comparatively easy. By carefully noting the 
dynamics of the contracting stomach, extremely 
early cancers may be demonstrated before other 
radiographic signs are present. 

In corrective orthopedics, the recording of 
motion is an invaluable aid. The stability of a 
spinal fusion, the detection of ligamentous and 
disk damage in whiplash injuries of the neck, the 
effect of various maneuvers on the hip of a child 
with suspected dysplasia, and cinepneumoarthrog
raphy in the study of joint motion are only a few 
of the practical applications in this field. 

There are several other fields in which cine
radiography has been proven to have practical 
application. In corrective speech therapy, it is 
possible to analyze the defective movements of the 
tongue and palatine structures;12 in orthodontia, 
the study of malocclusion and temporomandibular 
action can be more decisively evaluated. The 

dynamics of the uterus in habitual abortion may be 
more easily appreciated when hysterosalpingo
grams are studied in motion. 'With image ampli
fication devices of sufficient size and with improve
ment of image resolution, cineradiography may 
add to the thoroughness of cerebral angiography 
by the recording of all vascular phases. 

Future 

The principal1imitation of image intensification 
in radiology is the limited resolution and field 
size. If image tubes could be developed with 
resolution comparable to conventional radio
graph", the entire filming method would be 
revolutionized. Radiographs could be obtained 
at a fraction of the radiation dose currently 
utilized. Miniaturization would then become 
feasible with a tremendous saving of film and stor
age facilities. 

Summary 

1. Image intensification has dramatically im
proved radiological methods. 

2. With intensification of the fluoroscopic 
image, dark adaptation has become markedly im
proved and diagnostic acumen thereby increased. 

3. Cineradiography offers the simplest method 
of rapidly recording the dynamic motions of any 
anatomical area for analytic study. 

4. The most useful clinical applications cur
rently established for cineradiography are selective 
cardioangiography, voiding cystourethrography, 
dynamic derangements of the gastrointestinal 
tract, and joint studies in corrective orthopedics. 

5. The limiting factors of present amplification 
systems are field size and resolution. Upon the 
solution of these problems, the entire filming 
method of radiology would be revolutionized and 
radiographs could be obtained at a fraction of 
present radiation dose. 

Discussion 

I. LEVIN: Image intensifiers have also been used to study microanimals (chiggers, etc.) and insects 
at night in their habitats in the tropics. 
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32. DESIGN AND PERFORMANCE OF AN IMAGE INTENSIFIER FOR 
ASTRONOMICAL APPLICATION* 

W. A. HILT:'<ER, Yerkes Obsert'atory, University of Chicago, and W. F. l\"IKLAS, The Rauland Corp., a 
Subsidiary of Zenith Radio Corp. 

Introduction 

The interest in image intensification for astro
nomical application is based upon the difference 
in quantum efficiency of the photocathode and the 
photographic emulsion. If we assume that a 
photocathode of the S-ll type is utilized (maxi
mum quantum efficiency approximately IS per
cent), and if we assume that the quantum effi
ciency of the photographic plate is approximately 
0.1 percent, a gain of ISO may result. If an 5-20 
photocathode is med (maximum quantum effi
ciency approximately 20 percent, or if the light 
level incident upon the photographic emulsion is 
very low so that the reciprocity law is not valid, 
higher gain values can be achieved. These con
siderations are only applicable when the quantum 
sink of the system, i.e., that stage where the 
average quantum number incident upon 'a single 
information element per time unit is a minimum, 
il> located in the photocathode and nowhere else. 

Increasing the quantum efficiency of the pri
mary sensor is, however, only then equivalent to 
a true information gain if the resolution capability 
of the image-intensifying system is at least equiv
alent to the resolution capanility of the photo
graphic emulsion. 

Image intensifiers of several types have been 
used in astronomical applications. High-gain 
multistage tubes, either cascaded, or of the T5E;\f 
type, have been used previously.! 2 Highly sensi
tive TV pickup tubes, such as intensifier image 
orthicons,3 and image orthicons with magnesium 
oxide targets/ have been applied in closed-circuit 
television chains to solar and lunar photography 
as well as to spectroscopy.s 

The most successful system, however, is pos
sibly the combination of electronography and 
image intensification. Lallemand,6 Walker/and 

others have developed image tube electronog
raphy to such a maturity that it appears now 
possible to carry out practical astronomical work. 

The image tube described in this paper differs 
from the Lallemand tube inasmuch as the photo
graphic emulsion is separated from the vacuum 
space of the image tube by a thin aluminum 
oxide membrane. Hiltner and coworkers have 
described this system previously.8 9 It is shown 
in figure 32-1, which is self-explanatory. 

Advances in tube technology have now per
mitted the building of high-resolution, low
background electrostatic image intensifiers which, 
applied to electronography, enable astronomerA 
to use this system for routine observations. 

This paper describes the requirements for an 
image tube for electronography in astronomical 
applications, and discusses specifically the neces
sary high-resolution ancl the low-background level. 

After this introductory discussion, the design 
and performance of the image tube for electronog
raphy shall be described in detail, with particular 
emphasis upon the means utilized for achieving 
extremely low noise levels. 

The experimental results obtained with this 
tube will be discussed and an image tube system 
will be described, which is in llse at Yerkes Obser
vatory, Williamsbay, Wis. Finally, some clec
tronographs obtained with the sy,;tem will be 
shown as examples for actual performance. 

Design of Image Tube for Electronography 

Requirement" 

The discussion of requirements in thh; section 
does not c1aim completeness, and pertains merely 
to specificatioml formulated at the onset of de
veloping an image tube for clectronography. 

*The development reported here was carried out under Air Force contract AFI9(601)-4951. 
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FIGURE 32-1 

An image tube of this type appears to be useful 
if the diameter of the input photocathode is 
approximately 1 inch. As a rather high resolution 
is required on the output of this device, unity 
magnification is preferably selected (output reso
lution equals input resolution). _ A central reso
lution of at least 40 line-pairs/mm is desirable, 
together with only a slightly lower peripheral 
resolution. 

The quantum yield of the photocathode should 
be high to obtain proper gain values. The 
spectral response of the cathode should obviously 
lie in the visible band. Roth these requirements 
indicate that an S-20 or an S-ll photocathode 
should be chosen. 

The long exposure time, necessary to record 
faint images projected onto the photocathode, 
postulate a very low background of the image 
tube. Thus, precautions have to be taken to 
minimize all causes for spurious emission from 
the photocathode. 

Discussion of the Requirements 

The high resolution required opens up the 
question of electrostatic versus magnetic focusing. 
An image converter with a magnetic focusing 
system may consist of a flat photocathode and a 
flat anode with a homogeneous electrostatic field 
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between these two electrodes. 1o A homogeneous 
magnetic field is superimposed parallel to the 
electrostatic field. The homogeneous electro
static field is generally approximated by impress
ing a linear potential increase between cathode 
and anode onto the cylindrical tube wall by means 
of conductive rings (carrying potentials increasing 
in discreet steps) or by means of a conductive 
spiral. 

An electrostatic triode system, generally used as 
a focusing structure in image intensifiers, may 
consist of a spherical cathode, a cylindrical focu;, 
electrode, and a spherical, pierced anode. I! T t has 
been shown that the image plane curvature of a 
magnetic system is, in principle, smaller than the 
image plane curvature of an electrostatic system, 
resulting in improved peripheral resolution. 12 

However, the image plane curvature of the latter 
system can be reduced appreciably by adjusting 
the strength of the negative aperture lens formed 
by the pierced spherical anode, as well as by 
utilizing a focus electrode of a diameter which is 
large compared with the effective photocathode 
diameter. Thus, a satisfactory image plane cur
vature may be obtained with an electrostatic 
system. 

The resolution limitations of sllch an image 
intensifier are mainly of an electron optical nature. 



Neglecting space charge effects in the elementary 
beams and ehromatie aberrations 13 (due to vari
ations in exit velocity of the photocleetrons), the 
paraxial re,.;olution appears to be limited in both 
systems by astigmatism mainly caused by either 
beam deflection due to magnetic stray fields, or due 
to asymmetric radial components of the electro
static field. * Tn the case of the magnetic system, 
maintaining strictest parallelity between the 
~mperimposed magnetic and electrostatic fields i8 
required to avoid a;;;tigmatic distortion. Further
more, fringe fields on both sides of the focusing 
magnet ought to be minimized. For the electro
static system, proper mechanical a]inement of the 
components is a necessary condition. Comparing 
the probability of astigmatie distortions, it appears 
that an eleetro"tatic system, if properly designed 
and executed, can be quite eompetitive in paraxial 
resolution to a magnetic system. 

The decision whether a magnetic or an electro
static system should be used is ultimately de
pendent upon the baekground (noise) performance 
of these two structures. 

Factors contributing to spurious emission from 
the photocathode (background) in image intensifiers 
have been discussed to some extent by Essig.H It 
might nevertheless be worth while to elaborate on 
this point. 

The thermionic emission of photocathodes is 
doubtlessly one of the major factors contributing 
to background. While it is known 15 that the 
thermionic emission of a trialkali photocathode at 
room temperature is somewhat lower than the 
thermionic emission of a conventional antimony-, 
cesium cathode, cooling of both surfaces to at 
least dry ice temperature might be required to 
reduce the ther.mionic emission to an acceptable 
level. 

Residual gases in image intensifiers can be 
ionized by electron impact. The positive ions 
are accelerated toward the photocathode, giving 
cause to secondary electron emission. The sec
ondary electrons are accelerated toward the out
put of the tube, contributing to parasitic blacken
ing of the photographic emulsion mainly in the 
center of the image (ion spot). 

Field emission between tube components ap
pears to be the most important contribution to the 
background. The probability of field emission 
increases with both the number of tube compo
nents acting as possible sources of field emission, 

*It is assumed here that the magnetic system does not 
suffer from S-band distortion. 

and the magnitude of the potcntial gratlient he
tween those components. 

An electrostatic sY8tem, as de"cribed above, 
features essentially only one potential gap, 
namely, the gap between the (low potentia]) focus 
electrode and the (high potential) anode. 

One will recall that this gap consists normally 
on an uncoated glass surface. During processing 
of the photocathode, alkali metal vapors may be 
adsorbed on the glass surface, leading to relatively 
high ]ocal potential gradients caufiing field emis
sion. Photoelectrons are released from the cath
ode due to fluorescence resulting from field 
emission. 

We shall describe later on how field emission 
was eliminated quite successfully. Indeed, the 
elimination of this shortcoming ]eall" to an elec
trostatic system, possibly superior in hackground 
performance to a magnetic system, as the "high 
voltage coating" used in the electrostatic system 
between focus electrode and anode, cannot he 
applied readily with equal success to a magnetic 
system. 

Description of Image Tuhe for Electronography 

The electrostatic image intensifier for e]ectro
nography is shown in the photograph of figure 
32-2 and schematically in figure 32-3. Visible 
light radiation impinges from the left onto the 
curved Sb-Cs(O) (S-I1) photocathode (l), giving 
cause to electron emission. The electrons are 
accelerated and focused by the electrostatic field 
formed by the cylindrical foctI" electrode (2) and 
the spherical pierced anode (3). An electron 
image of the light distribution on the photo
cathode is formed on the photographic emulsion 
(4) separated from the vacuum space enclosing 
the photocathode by the aluminum oxide foil (5). 

FIGURE 32-2 
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1. PHOTOCATHODE 
2. CYLINDRICAL FOCUS ELECTRODE 
3. ANODE 
4. PHOTOGRAPHIC EMULSION (inserted after tube is placed in operation) 
5. ALUMINUM OXIDE FOIL 
6. REMOVABLE SECTION (to per mint insertion of emulsions) 
7. KOVAR FLANGES (heliarc welded) 
8. mGH VOLTAGE SECTION OF TUBE 
9. KOVAR FLANGES (heliarc welded) 
10. ANODE APERATURE LENS 

FIGURE 32-3 

On-e will appreciate that the section (6) of the tube 
is cracked off, after the tube has been inserted into 
a "demountable" vacuum system, achieving a 
vacuum-tight seal along the metal flanges (7). 
The disposable glass section is removed through 
an air lock. 

The main advantage of the present tube for 
electronography is the low noise background, 
obtained by reducing field emission between tube 
components almost entirely. This has been done 
by applying a semiconductive wall coating be
tween the focus electrode (2) and the high voltage 
section (8) of the intensifier. This coating con
sists essentially of chromium oxide applied by 
means of a proper binder. It should be noted 
that the chromium oxide is not the active com
ponent of the coating. The binder, if properly 
prepared and treated, consists of an amorphous 
inorganic oxide having the property of gettering 
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a predetermined amount of cesium vapors during 
processing of the photocathode. The cesium 
adheres quite strongly to the hinder, requiring 
temperatures in excess of 4000 C for removal. 

The thus completed wall coating, consisting of 
chromium oxide-binder-cesium, yields a con
trolled conductivity between the focus electrode 
and the high voltage section of the tube, equalizing 
local potential gradients in Buch a manner that 
the probability of field emission is reduced 
appreciably. 

The photosurface is produced by evaporating 
antimony onto the substrate in demountable 
vacuum system and subsequently transferring 
the evaporated antimony layer in room air to the 
tube envelope, completing the tuhe by applying 
a "cold" seal (heli-arc welding along the flanges 
(9». Thereafter, the tube is baked and the 
photocathode activated. 



The external antimony evaporation has the 
advantage of assuring an even photocathode and 
restricting the photoemissive surface, thus reduc
ing spurious electron emission from photosensitive 
layers deposited on tube elements other than the 
cathode. 

The anode aperture lens (10) has been designed 
to increase the image distance, resulting in a 
decreased image plane curvature. 

The photocathode is substantially smaller than 
the tube envelope of approximately 3-inch diam
eter. The "filling factor" of the electron-optical 
system is quite small, resulting in utilization of 
the central part of the (curved) image plane only. 
Thus, no substantial differences between central 
and peripheral resolution should be expected. 

Care has been taken to effect proper mechanical 
alinement of the tube parts for reduction of 
astigmatic distortion. The Kovar flanges are 
demagnetized before uBing the image tube and 
magnetic shielding is applied. The Al20 a film, 
separating the emulsion from the photocathode, 
is made by anodizing commercial aluminum foil 
and subsequently removing the remaining metal
lic aluminum. The film, 1,000-1,500 A thick, is 
then transferred from the provisional holder to 
the final mount, a Kovar disk with an aperture. 
Vacuum-tight sealing of the film to the rim of the 
aperture is achieved by aerosol. 

Mass-spectroscopic tests have indicated * that 
no helium leakage is detectable, even if the pres
sure differential between both sides of the film is 
as high as 500 microns of JIg. No difficulties 
have been encountered in evacuating or baking 
tubes with such films. 

Since the film cannot withstand atmospheric 
pressure, a glass cap is fabricated over the foil as 
mentioned previously. This glass cap is removed 
after the tube is installed on the vacuum lock and 
the lock evacuated. This then permits access to 
the electron focus with photographic emulsions 
for exposure as desired. Also, the cap contains 
a flat disk to protect the foil when the cap is 
broken off. This disk, only a few millimeters 
from the foil, is painted with a phosphor. The 
phosphor permits preliminary evaluation of the 
tube in advance of attachment to the vacuum 
system. 

*The authors are obliged to Mr. L. Gray of the Rallland 
Corp. for planning and execution of these tests. 

System for Image Tube Electronography 

The system, as indicated in the introduction, 
requires a kinetic vacuum in order that emulsions 
may be inserted and retracted without damage to 
the photocathode. In the laboratory, small oil 
diffusion pumps have been used, requiring a liquid 
nitrogen trap. Ion pumps could possibly be ap
plied, although they do require a rather strong 
magnetic field and produce disturbing electro
magnetic radiation. However, to make the system 
completely mobile, as is necessary at the focus end 
of a telescope, we have found it convenient to 
introduce cryogenic pumps. Figure, 32-4 shows 
a schematic drawing of the telescopic model. Two 
dewars, one for either side of tbe vacuum lock, 
contain liquid bydrogen shielded by liquid nitro
gen. This shielding, of course, greatly reduces t.he 
loss of the hydrogen. With one charge of a mIX
ture of ortho and para hydrogen, the dewars will 
maintain a vacuum of approximately 2X 10-7 mm 
of JIg for 4 days. The hydrogen dewars may be 
recharged, before the earlier charge is exhausted. 
Therefore, the vacuum may be maintained 
indefinitely. 

We emphasize that no part of the image tube 
itself is ordinarily cooled. The hydrogen and 
nitrogen are used only for evacuating the two 
chambers, one on either side of the air lock. 

Figure 32-5 is a photograph of the im.age tube, 
plate-changing mechanism, and cryogemc system 
attached to the 40-inch refractor of the Yerkes 
Observatory and figure 32-6 is a closeup. 

Results 

The resolution of the image tube has been tested 
with settled and evaporated phosphor screens as 
well as with electronography. Unfortunately, the 
settled phosphor screens used had been intended 
for image tubes with 35-kv anode voltage; thus, 
the phosphor thickness exceeded by far the va~ue 
required for the 20-kv anode voltage used WIth 
the image tubes for electronography. The reso
lution determined with those screens, was never
theles~ 20 lp/mm, which is in good agreement with 
the theoretically expected resolution capability of 
the phosphor layer. 

Next, evaporated phosphor screens, des~~ed 
for optimum performance at 15 kv, were utlhzed 
in this 20-kv tube. Resolution values of 40 Ip/mm 
were observed. 
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FIGURE 32-5 
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CONTROLS 

FIGURE 32-4 

FIGURE 32-6 

It should be noted here that proper focusing of 
the image tube is judged by visual observing of a 
phosphor screen-be it settled or evaporated 
phosphor-and that the resolution thus obtained 



is predominantly limited by the inherently re
stricted resolution capabilitie~ of these ('a thode 
luminescent screens. This mean,.; that it is quile 
difficult to decide when proper focus ha,; been 
achieved for electronography. Using the focus 
adjustment, as obtained with an evaporated 
phosphor screen, and replacing the phosphor by 
llford G-5 emulsion, with an inherent resolution 
capability of approximately 70-80 lp/mm, re
sulted in resolution values of 55-60 lp/mm over 
the entire field of view. These results may not 
yet represent the ultimate resolution capability 
of this system. 

While earlier tubes displayed slight astigmatic 
distortions, disturbing to some extent at resolution 
values above 45 Ip/mm, recent image tubes showed 
no distortion at 55-60 Ip/mm. No indication has 
been found as yet that the electron scatter occur
ring in the Al20 3 film is a serious factor in limiting 
the obtainable resolution. 

The background has been tested by replacing 
the emulsion with a settled screen (P-20 phosphor) 
and observing the phosphor with a refrigerated 
RCA IP21 photomultiplier followed by a scaler. 
Cooling the photocathode to dry ice temperature 
permitted, at least in first approximation, to differ 
between thermionic background and tube noise. 
It was found that 75 percent of the background 
of these tubes at room temperature or approxi
mately 80 electrons/cm2sec is due to thermionic 
emISSIOns. 

Next, the background was evaluated by elec
tronography with the photocathode at room 
temperature as well as cooled by dry ice. 'Vith 
the photocathode at ambient temperature, expo
sures of 2 hours are required for the background 
density to exceed 0.10. If the photocathode is 
refrigerated, exposure times in excess of 10 hours 
appears to be reasonable. 

It should be noted that image tubes of the type 
described here display in general a markedly 
higher background when the anode is grounded 
and the photocathode is at (high) negative poten
tial. The image tube for electronography is 
operated in just this manner. Thus, the back
ground values, quoted above, refer to this mode 
of operation. 

The level of the background can also be illus
trated by a comparison with the sky background 
at the focus of the f/19 Yerkes 40-inch refractor. 
The sky background is 160 times greater than 
the tube background with the photocathode at 
ambient temperature and at negative potentia1. 

The gain capability of the image tube may he 
demonstrated by comparing exposure time;; neres
sary to obtain a density of 0.2 for photography 
of the sky backgroun(l with and without image 
tube. In using classical photography, several 
tens of hours were required to detect the sky 
background as observed with an f/19 telescope. 
Direct photography of the sky background with 
the image tube gave a density of 0.2 in 15 minutes. 

The photocathode sensitivities (S-11 character
istic) to 2,870° K incident light were determined 
with a standard light source and were ordinarily 
in the range of 20-35 uA/L. Experiments are in 
progress to improve upon this performance 
parameter. 

The stability of the photocathode is closely 
connected with the vacuum tightness of the A120 3 

film. Individual tubes have been operated as 
long as 2 weeks on the cryogenir system, with the 
vacuum lock cycled over 200 times, without any 
damage to photocathode or Al20 3 film. 

In contrast, removal of the film with a photo
graphic plate in place* resulted in severe deteriora
tion of the photocathode sensitivity after a few 
hours. 

Conclusion 

In summary, it is our judgment that we have 
an operational system capable of-

1. High resolution (similar to that of 
classical photography). 

2. Long exposures with little background. 
3. Working at the shot noise of the photo

cathode current. 
4. Operating over long periods of time. 
S. Easy setup and operating on a routine 

basis. 
It is recognized, however, that future astro

nomical results obtained with the image tube for 
electronography represent the ultimate acceptance 
test for a system of this sort. 
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Discussion 

H. DAY: The spacing from the Al20 3 film to the photographic emulsion is 20 microns Bnd you 
resolve a I-micron spot. How do you explain the scattering of only I part in 20-an apparent contra
diction to generally accepted scattering laws? One loses about 2.5 kv in a 1,000 Al20 a film. This 
represents scattering and should contribute to loss of contrast. Does it? 

W. F. XIKU.S: The spacing between the aluminum oxide film and the photographic emulsion is 
approximately 20 microns. In fact, the photographic emulsion touches the mounting ring of the alumi
num oxide film and thus touches the aluminum oxide film itself, at least along its perimeter. It might 
be assumed that there is a pressure gradient between the vacuum space enclosing the photographic emul
sion and the vacuum space enclosing the photocathode in such a manner that a slight bowing of the alu
minum oxide film results toward the vacuum space enclosing the photocathode. This is the reason 
why we assume the above-quoted spacing. The measured electronographic resolution of the image 
tube is 55-60 line-pairs per mm. This means that a spot of approximately 8 microns can be resolved. 
Thus, the amount of scattering encountered is only approximately I part in 2.5. 
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33. ON A SATELLITE SURVEILLANCE CAMERA USING COMPOUND 
OPTICS AND IMAGE ORTHICON PHOTOSENSORS (FACET EYE 
CAMERA) 

,Yo Eo 'WOEHL, Air Force ,),fissile Del'elopment Center, Holloman Air Force Base 

The use of photoelectric-electronic image inten
sification in the surveillance of orbiting and 
suborbital objects presents design problems of a 
special kind, different from the requirements con
nected with the application as an aid to photo
visual and photographic instrumentation; e.g., in 
astronomy, nuclear track photography, or medical 
problem areas. The surveillance instrument is a 
metric tool; the information which it is required 
to provide are, briefly stated, highly accurate 
position-time data on moving point targets, in 
real time, and over an extended portion of the 
diurnal cycle. This requirement involves: 

a. High angular resolution and accuracy. 
b. Long focal length optics. 
c. A large field, giving high acquisition 

probabilit y. 
d. High photometric sensitivity, to be able 

to record also fast-moving point targets. 
P. Daytime recording capabilities. 
f. Accurate outer orientation and inner 

calibration data. 
g. Image coordinate counting and readout 

in real time, acceptable to computer input 
registers. 

II. Accurate time correlation system. 
i. Target discrimination and identification 

devices based on stored reference data. 
j. Data links to supplementing systems, 

and efficient data reduction programing. 

The desired minimum accuracies are an angular 
position accuracy of ± 10 seconds of arc, and 
location of the significant event point" in the time 
scale to 0.1 millisecond. The requirement for 
daytime recording capability decides for a long 
focal length telescopic optics, in order to have a 
narrow cone of acceptance for the quanta origi
nating from the sky background and accumulating 
on the single "ensor element. Size of the resolu
tion element in the photosenFlor, together with the 

focal length of the imaging system, determine the 
available angular resolution of the system. 

The solution which was attempted is the com
bination of compound telescopic optics (optical 
facets) with image orthicon camera tubes as 
photosensors, electronic image enhancement, and 
digital image coordinate counting and readout in 
real time. Because of the use of optical facets as 
imaging components, the name "Facet Eye 
Camera" has been coined for this sp;tcm. In the 
following paragraphs, a brief outline is given of 
the design and performance of this sy~lem. 

The compound optical system consists of 25 
refractor telescopes, with 75-inch focal length and 
5-incll clear aperture. In combination with the 
available usable sensor area of the image orthicon 
tubes of 1.1 by 1.1 inch, each telescope covers a 
field of 52 by 52 minutes of arc in the object "pace. 
As ~hown in figure 33-1, the telescopes arc effec
tively arranged as a three-row fan assembly, with 
angular spacings between the telescopes and rows 
of 47 minutes of arc. The total field covered hy 
the fan in this way is 7° by 2.5°. This fairl) wide 
field is associated with the rather long focal length 
of 75 inches, yet only paraxial rays are being used, 
with consequently low values for the Seidel 
aberrations. This is thought to be a novel optical 
concept. 

The 25 telescopes form optical images of 
adjacent segments of the object space on the 
photosurfaces of a related number of image orthi
con tubes, as figure 33-2 illustrates. The camera 
bodies contain the preamplifiers for the video 
signals, sweep circuits, sweep failure protection 
circuits, blanking amplifiers and rectifiers, and 
power circuitry. The video signal is fed through 
coaxial cahles into the camera control station 
where the signal complex is treated for improve
ment of its information content, "uch as increase 
in contrast, signal-to-noise ratio, and background 
supprcssion. The improved images arc finally 

233 



EFFECTIVE 

ARRANGEMENT 

Of 

OPTICAL 

AXES 

FIGFRE 33-1. 

pre8enterl for vi8ual inspection and photographic 
recording on the ;;creenR of 25 munitor-mwilloscope 
tubes which ('an he seen in figure 33-3_ This 
photo shows thc main part of the control station. 

PhpicaTIy the 2;') telescope-camera unitR are 
arranged as a 5 by 5 assembly, seated on a four
axes mount, which proyide~ the combined capa
hilities of an all·azimuth and an equatorial 
mount. Figures 33-c1. and 33-5 ,.;how the assem
hly. The arc-,.;hapcd fork moyes in steel rollers 
on top of the hase plate; if the gimbal-to-fork 
axis is being pointed to Polaris, we han an 
equatorial mount, the gimbal rotation then repre
sents the siderial moyement required. All four 
movements arc motor driven, the gimbal rotation 
and the plate rotation having variable speed 
Graham drives with remote speed changers 
attadle(l. 

The whole mount-camera assemhly is houscd 
in a 2·~-foot astrodome not shown herc; a 10-fuut
widc shutter opens from zero to 1350 elevatiun 
acros;; the zenith and allow,.; full use uf the tele
scope fan assemhly. The (lome drive is synchro
nized with the mount movement, as usual. As 
pointed out, the new camera is snppo>'ed to be a 

highly accurate metric tool. A number of provi-

sions have been made in order to achieve this 
objective. 

To calibrate the outer orientation of the camera, 
that means, the true angular position of the 
optical axes, the :star background is being photo
graphed as coordinate reference system, as is 
done in the case of ballistic camera work. Thus, 
no high precision dials or encoders arc required, 
being replaced hy shaft angle position transmitters 
on the monnt, and synchro receivers at the 
control station. The main mode of operation is 
as a preset transit fan. 

Special care has becn taken to avoid functional 
errors like nonlinearities, image rotation. field 
distortions within the electronic image transfer 
process which would causc final position errors, 
and to provide means to measure residual errors. 

The most important circuit component which 
has been incorporated to this end is a central 
timer generator synchronizing all drive pulses, 
the blanking, the shading control"" the keyed 
damps and the linearity control paltern. The 
functional flow chart in figure 33-6 iJIw;trates 
the principle more fully. The flow of the image 
information can be easily seen; the handpa~s 

filter can reduce the bandwidth from 2.6 1\ie to 
1.6 and 1.0 'fe. Black and white dipping is 
applied, and compo!'iite shalling (saw tooth and 
paraholic shading for horizontal and verlit'al 
sweep.) is generated and suppli(,11 to the pream
plifiers in the orthicon cameras. Clamping and 
ohading arc line synchronized hy the timer 
generatur. The ranllum code generator, shown 
in the figure, supplies eode pul:ses tu the photo
cathode of the imagc orthicon tube, which break 
the flow of photoelcctrons from the photosurface 
to thc target plate. In this way, breaks in the 
event trace are introduced which arc recordcd 
together with W,",cV time pul,;es or pulses from a 
local high stahility frequency :-;tanllard in a Rep
arate time recorder. The tim.e hreaks can he ef
fected also by an external source or manually 
operated. 

The timer generator is really the center com
mand device of the system, whieh synchronizes 
all commanll pul,.;e;; needed for the simultaneous 
operation of the 25 camera (·hains. Figure 33-7 
shows the detail!,11 fUllctional diagram for the 
timer generator. 

The hasic oscillator opl'rates at 80.61. ke; this 
frequency j,; dividell m seyeral phanta>'tron 
counter steps down to 60 ('p;;. The 6() cps output 
synchronizes a hlocking m;eillator whi!'h Ilrives 
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a phase comparator. This detector compares the 
phase of the blocking o~ciIlator with the 60-cps 
powerline; the err~r signal is used to drive an 
automatic frequency control circuit. This com
ponent sets the frequency of the 80.64-kc oscillator 
to an integral multi pIe of the power line frequency. 

The derived timing signals are 10.080 cps for 
the horizontal sweep, 15 cps for the vertical 
sweep-the frame rate of the system is 15 frames 
per second, 672 lines nonintcrlaced operation
composite blanking, and 80.64 kc and 120 cps 
for a composite linearity blanking pattern which 
produces a cross-hateh pattern consisting of dark 
bars. 

The most signifieant eomponent incorporated to 
check linearity and detect functional disorders in 
the electronic system is the reticle line projector, 
shown in figure 33-8. It consists of four plastic 

6366740-62-16 

light guides which carry accurately machined 
cylindrical lensef! at the end facing the image 
orthicon photo surface. The system of projected 
light linef! together with the cross-hatch pattern if! 
to be seen in figure 33-9. This device servef! at 
the same time for the calibration of the angular 
relationship between the component fields, cor
relating field elements in different camera chainf!. 
This is an important procedure. 

The critical effect which the setting of the three 
main control,; of the orthicon camera, target vol
tage, beam current, and gain has on the sensitivity 
and quality of the image tranHfer process, requires 
an aid for optimum setting of the camera controls, 
specifically for daytime work. The device devel
oped for this purpose is a collimated target 
simulator, shown in figure 33-10. It superim
poses an· artificial star of the desired luminous 
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intensity UpOR a portion of the natural sky back
ground which is brought in by means of a beam 
~plitter. At the same time this collimator which 
will be mounted on a precision sliding stage, in 
front of the tele>lcope array, will be used for cali
brating the angular spacing of the optical axes of 
the telescope-camera fan. 

One of the main design objeciives of the new 
camera is the extracting of position-time iu(or
mation in real time and in digital form. The 
process of scanning the charge replica of the optical 
image with an electron beam and generating video 
signals for the significant target points, which 
takes place in the image orthicon sensor tubes, 
provides the basic mechanism for measuring or 

counting the coordinates of an image point. This 
phase is in the developmental stage; target point 
discrimination, centroiding, liminal contrast level,;, 
economical use of storage registers, and logic 
circuitry are being studied at present. 

Integrated for the full number of 25 camera 
chains, and laid out for several target points within 
each component field, this associated electronic 
equipment will be a fairly complex system. 

The useful measure of the photometric sen
sitivity of a system tracking space objects is 
obviously the liminal recordable stellar magnitude 
of a target. This threshold depends of course 
upon the distance and velocity of the object, as 
these quantities determine, together with the focal 
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COlLIMATOR H 

length of the optical system, the time the image 
dwells on a single sensor element, and light quanta 
are being accumulated on it. 

The facet eye camera system is designed to 
record objects down to +3d magnitude in day
time, and + 12th to + 14th stellar magnitude 
objects at night. Image contrast of approximately 
± 10 percent, with respect to the background, 
can be Rensed and utilized in the system, mainly 
by virtue of the effective background suppression 
possible in the circuitry. The gain in contrast 
discrimination and in absolute photometric sensi-

tlVlty are the two main quantitIes representing 
the special effectiveness of an optical-electronic 
sensor system. 

A comparison of the effectiveness must be based 
upon the quantum efficiencies of the sensors and 
the specific transfer characteristics of the system. 
Thus, to compare the eye with the 'unaided 
photographic camera and the image intensifying 
system for the case of moving point targets, size 
of sensor resolution element, image velocity and 
optical system have to be included in the compu
tation. This has been done for this special case 
in table 33-1. The average number of quanta 
per second and unit area of accepting aperture 
required for reliablc detection of a target has been 
chosen to be the representative effectiveness figure. 
For easier comparison, the relative sensativities, 
the human eye equaled to unity, have been com
puted in the last row. As can be seen, a gain in 
effectiveness by a factor of approximately 125 has 
been obtained by the use of the image orthicon 
sensors. This is equivalent to a gain by 5.3 stellar 
magnitudes. One notes also how powerful the 
intensifier image orthicon or a similar advanced 
sensor can be. It must be pointed out again that 

the listed figures are computed for realistic track
ing conditions, and are in fair agreement with 
observed data. Different assumptions, for in

stancc, ideal conditions for the bcam modulation 
process at the orthicon target plate, a mono
chromatic electron beam, and 80 on, are bound to 

give different performance figures, as have been 

published elsewhere. 

TABLE 33-I.-E.ffectiveness ratinf!for moting point targets 

GE image GE image 2-stage into 
Sensor combination Photo emuk Photo emu Is. orthicon orthicon ima~e orthicon 

Human w/7 inch f/2.5 w/75 inch filS GL 7967 GL 7967 73477 
Quantity compared eye lens T=0.8 telesco~e w/7 inch f/2.5 w/75 inch f/15 w 175 inch f(15 

T=0.5 lens T=0.8 telescope telescope 
T=0.95 T=0.95 

Average size of resolution ele-
ment (microns) ............ 3 20 20 80 80 100 

Quanta required for target 
detection ................. 150 25,000 21,053 800 674 84. 

Average velocity of image 
(mm/sec) ................. O. II 1.0 10.7 1.0 10. 7 10. 7 

Accepting aperture (mm) ..... 5 71. 1 127 71. 1 127 127 

Average required quanta per 
sec, sq mm accepting area ... 280 314.8 888. 7 2.5 7. I O. 7 

Relative sensitivity .......... 1 0.89 0.32 1I2 39.4 400 
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FIGURE 33-11. 

FIGURE 33-12. 

Tracking ~atellites and planets constitutes a 
task very suitable for c;;tahli~hing working param
t'ten; for the camera and improving tht' different 
;;yslem'" compont'nts. Though the present ex
perimt'ntal facet cyc camcra system is still in thc 
diagno,;tic phase and not yct pcrfeet, the rcsults 
obtained so far under the very restricted working 
conditions during this phase are very promising, 
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though not much effort could be spent to optimize 
the performance. 

The following small selection of recordings may 
give an impression of the kind of information the 
system can provide at this stage. Figure 33-11 
shows the array of (lisplay monitor ;;creenR, in 
which Satellite 1961 Xi I-Discoverer XXV can be 
seen as a white trace croBsing three component 
fields of the fan. Figure 33-12 shows the same 
satellite in a camera field of 8 by 8 degrees, a8soci
ated with an optics of 7 -inch focal length, incorpo
rated as an aid to acquisition. Figure 33 - I.'3 
shows again part of the monitor array with Satel
lite 1960 Iota I-Echo I crossing. Figure 33-14 is 
a recording of Satellite 1961 Epsilon I-Discoyerer 
XX, passing at a distance of MO miles. Figure 
33-15 ohows the trace of Satel1ite 1960 ~1I 2, the 
carrier roeket of Courier In, at 830 miles slant 
range. Figure 33-16 is a photo of the moon taken 
during the eclipse of March 2, 1961. It shows the 
great pos;;ihiIitics provided by contrast enhancc
ment and .;clel'ted filtering. A Kodak WratLcn 
filter i'lo. 88A had hccn used. Figure 33-17 i" a 
daytime photo of planet Jupiter takt'n in tht' 
a ftt'rnoon. Figure 33-18 fihows planets Jupiter 
amI Saturn in early morning light ,,;hortly after 



FIGURE 33-H. 

FIGURE 33-15. 

sunnse. Saturn had a stellar magnitude of +0.8 
at this time. Figure 33-19 shows planet Jupiter 
with .550 foot-Iamberts daylight sky background. 

It may be good to stop at this point and look 
ahead, visualizing future ta~ks. As mentioned 
before, a study for the real-time digital coordinate 
counting has been initiated and will provide an 
experimental model of a single camera readout com
prising storage registers for coordinate data stor
age. The future development must build up the 
readout capability for all 25 camera chains and a 
sufficient number of target points, seeking the 
most economical way of achieving thi". More 
advan<:ed sensor tubes, improved optical systems, 
and automatic target detection and discrimination 
devices must be incorporated. 

Data links to electro ic computers and synchro
nous operation with electronic tracking systems 
are required. To obtain quantitative space posi
tion and time information, several camera systems 

FIGURE 33-16. 

have to be combined giving long base line synchro
nized triangulation data. Finally, the reduction 
process of the data contained in the composite 
image has to be optimized. Target identification 
with the help of stored reference data, and opti
mum computer rrograming are two more problems 
which have to be solved. 
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. FIGURE 33-18. 

In concluding, it is felt that the mating of the 
special compound optical imaging system with 
photophysical light amplification and electronic 
image enhancement, and extracting of the image 
coordinates in digital form and in real time, which 
are the main features of the facet eye camera, are 
fundamental assets for an efficient surveillance 

FIGURE 33-19. 

camera system. It is hoped that hudgetary con
ditions will permit w; to bring the sy;;tem from the 
present intermediate step to its full planned capa
bilities possihle with the technological knowledge 
and accompli,;hments which are at our disposal 
today. 
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Discussion 

M. DACHS: What is the limiting equivalent Htar magnitude .You expect to find in daylight and 
night with your camera? 

·W. E. 'WOEHL: We expect to find, at daytime, moving targets of third equivalent star magnitwle, 
and at nighttime, of 12th to Bth stellar magnitude. This ('orre,;polllls to the deteetion of a target 
of I square meter reflecting area with 50 percent reflectivity at 100 statute miles at .da}time, and at 
7,500 statute miles at nighttime. For a stationary target these figures would be 200 statute milCH fluring 
the day and 30,000 statutes miles at night. 
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