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" FOREWORD

The performance of night Qision devices has reached a level where
the limitations can often be found to reside in the chosen size or
quality of the display rather than in the quality of the sensor. A
lack of general understanding of visual requirements often results in
display specifications that produce an image too small, *oo dim, or

too fuzzy to present the picture to the eye as well as the sensor has
recorded it,

Buyers tend to accept night vision devices that will measure up
to the standards of the commercial home entertainment television to
which they are accustomed, not realizing that such equipment will be
inadequate to meet the exacting demands of military viewing. But
buyers are not completely at fault. Manufacturers--especially tube
manufacturers--have refrained from publishing th; very characteristics

of their products that govern the quality of the television picture
displayed.

The Night Vision Laboratories, recognizing the problem, have es-
tablished a specification and procurement framework for direct-viewing

(intensifier) devices but have not yet extended this sufficiently for
raster-producing imaging devices.

About three years ago, at the request of the Air Force Systems Com-
mand, the Office of the Director of Defense Research and Engineering
(DDDREE) asked the Institute for Defense Analyses (IDA) to furnish
guidelines to bring order into what was indeed chaotic procurement of
night vision devices. In response, IDA has presented a series of

lectures and has published papers in the open and classified litera-

~ ture to encourage the use of real and effective criteria in the design,

specification, testing, and acceptance of photoelectronic image forming
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devices. The IDA effort has culminated in the publication of a two-
volume treatise, Photoelectronic lmage Forming Devices, edited by

Biberman and Nudelman and released in January 1971 by Plenum Press,
New York.

Portions of that treatise (basically Chapters 4, 11, and 19 of
Vol. I and Chapter 22 of Vol, II) are extended in this paper at a
level of detail not feasible in a commercial publication.

This work has been supported as a continuirg task for ODPM™%E
under the general direction of E.N, Myers,
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ABSTRACT

Excellent correlation exists between the quality of aerial pho-
tographs as measured by the modulation transfer function area (MTFA)
and as measured by observer performance. The MTFA and the signal-to-
noise ratio at the display (SNRD), derived in this report, are closely

related, and the SNRD is adopted here as the main criterion of equip-
ment quality.

Present commercially specified parameters are unsatisfactory
means for predicting equipment performance. This report considers
the parameters that are directly related to observer performance as
the truly meaningful ones and flags them out as such,

In the design of both remote-view television and direct-view
image-intensifier systems, it is important to present the output image
to the eye at luminance and angular size sufficient that the required
modulation is determined not by the optical properties of the eye and
the neurological organization of the retina but rather by the funda-
mental effects of cutput luminous fluctuations on the decision process.

Also, we point out that reduction of display luminance below the
usual working level has a dramatic effect on the required modulation
as a function of frequency.

Using the criterion of SNRD, one can rank present-day low-light-
level camera tubes. This report does so in detail in Section V-A-4.
However, it is clearly difficult to specify a best tube without a
rather complete understanding of the relative importance to system
performance of sensitivity versus light levels, detail rendition, and
lag. A small change in the relative importance of these factors can
seriously affect choice of the "best" tube.
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For years the image orthicon was the preferred tube. Beginning
about 1963-64, the secondary electron conduction (SEC) camera tube re-
placed it in favor, since the low lag of the SEC tube outweighed the
need for very low-light-level performance in many aircraft systems.
More recently, Loth the improved image isocon and the siiicon-electron-
bombardment induced-response (SEBIR) camera tube have emerged. They
will pr»> ably replace the SEC tube.
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SUMMARY

by Lucien M., Biberman

A. HISTORICAL BACKGROUND

Low-light-level devices originated, conceptually at least, in the
1920s, when it was realized that some of the various‘means of focusing
electruns and forming beams also amplified the energy of the electrons
being focused and thus provided, in principle, a mechanism for light
amplification. Unfortunately, the technology of that period was so
rudimentary compared to that we know now that efforts to achieve
light amplification by those means were frustrated by the very poor
efficiencies of coupling and of converting light into electrons and
electrons back into light.

Later, as cathode and phosphor efficiencies improved to the
extent that an image amplifier or intensifier could produce more light
at its output than it received at its input, it became obvious that
such devices could be cascaded to increase gain exponentially. The
first patent on such a concept was issued in France in 1936, but the
first working device was not demonstrated until 1952 and then in the
United States. |

Ir. the early phases of American development of low-light-level
devices the emphasis wds on light .mplification. It was only rather
late in the program, in the mid-sixties, that serious attention was
paid to the companion problem of image quality. It is interesting to
note that the Dutch and English philosophy, pretty well driven Ly the
arguments of Peter Schagen of Mullard, concentrated on simple one-
stage devices of good image quality but quite low picture brightness.
American tubes were being pressed toward quite high gain, i.e., output
images about 50,000 times as bright photometrically as the input to -
the tube. The Dutch and B- itish tubes were more apt to provide gains

of a few hundred. 1




Both routes of development suffered from fixation of the estab-

lished concepts and points of view.

It is easy to point out in retrospect that when the scene was
very dark the low-gain, high-resolution devices of the Dutch and
British were of precious little use--the image quality might very
. well hiave been excellent but the image was so very dim that often a
human eye could not see it or required too much time to see it. On
the other hand, the high-gain Ainerican devices did penetrate the
darkness well enough for viewing rather large objects not too far
away. As the light level increased, the performance of the American
devices increased only un*til they became limited by a variety of
image quality limitations. Thus, we had good image quality from the
English and Dutch devices and good gain from the American devices.

Brightness gain is not the only important standard by which the
performance of low-light-level devices must be specified. This fact
has only recently found acceptance among members of the RED community
and, unfortunately, its acceptance outside that community has been
even slower. The importance of proper specifications must be impressed
upon operations, procurement, and maintenance personnel in the Serv-
ices if U.S. forces are to achieve an image quality in night vision
that is comparable to the image quality in day vision.

During the early development of low-light-level devices, pro-
specti&e users would ask, "How dark is it when you can just see a
specified object, and how much farther can you see with your device
than I can see with my unaided eyes or looking through binoculars?"
Darkness was measured by instruments that corresponded to the eye.

The night-vision aids, however, were in reality near-infrared devices.
This was apparently too complicated to explain, and thus the eye-
related units of brightness--the lumen, the lambert, and the foot-
candle--became the standards by which one measured light and darkness
and specified the performance of night-vision devices. ‘

As time progressed, low-light-level devices improved in several
ways. A principal improvement was extension of the response of the

2




sensing layer (or cathode) to longer wavelengths to capture more of
the available radiation--light in both the visual and infrared portions
of the spectrum. Most of this increased response was in the infrared.

These improvements were important for several reasons. First,
the "light" (invisible radiation) from photochemical reactions in
the night sky increases dramatically as one looks deeper into the near
infrared. Second, the contrast of most scenes is greater at wave-
lengths above about 600 nanometers--the deep red part of the visual
spectrum extending into the near infrared.

As these improvements progressed they laid the groundwork for
much confusion and semantic difficulty. Those engaged in development
and procurement had learned a lingo that never was correct but had not
previously caused difficulty. Now they spe.ified light levels as seen
or measured by eye while looking with a device that saw in a region
of the spectrum unseen by the eye. Thus, it was possible for things
to be bright to a night-vision device and dark to the eye and vice
versa. This very property was exploited fully in various traveli.ag
exhibitions and demonstrations that showed military scenes on or in
some staged setting of scale models nicely illuminated by "invisible
light" from a bank of special electric lamps tucked away out of sight.
The "invisible light" was invisible to the naked eye but not to the
devices used to demonstrate night-vision progress.

One must recognize that night-vision devices have a color sensi-
tivity different from the eye and that they see wavelengths the eye
cannot. Specifications written in terms of standards based on the
sensitivity of the eye cannot help but lead to confusion or disappoint-
ment or both.,

It is actually much more meaningful to specify the performance
of a device ynder conditions of full moonlight, which is about
2 x 1072 footcandles, then it is to specify 2 x 10™2 footcandles alone.
Full moonlight has a color spectrum that is real, known, and repro-
ducible. The 2 x 10 footcandles could apply to any kind of light
of any color that the eye could see. Later in this report we show

3




typical but erroneous nomographs, once in general use, that indicate
performance measured under illumination from a tungsten lamp. These
nomographs imply that performance will be equally good when light
sources providing illumination equal to that of the tungsten lamp
(2854° Kelvin) but of diffe.ent spectral distribution are used.

NOT sO!

Many other methods of specification hang on from the days in
which television was aborning. One of the most common of these is
the method of measuring device performance by noting those objects
that the observer knows are there but that he can ho longer see
fifty percent of the time. Accordiﬁg to this practice, the limiting
resolution is the smallest, or narrowest, set of objects that still
remains liminally visible (visible 50 percent of the time) on the
television display. Often this is shown in a plot of the frequency
of the fine lines liminally visible as the light on the scene is
increased. This is alleged to represent the quality of the television
device. This method of specification has been used so long that many
people accept it and some actually believe it.

The entire topic of the utility of low-light-level devices is
a complex one, and the task of writing specifications for such a device
that will truly improve its user's informmation-gathering and decision-
making performance has heretofore been easier to avéid than to face.
But good specifications can be written, as will be shown below.

To date, only in the case of the B-57G aircraft have specifica-
tions for electrooptical sensors been written to address the man-
. machine perception problem. The low-light-level system for the B-57G
has proved to be at least an order of magnitude better than any other
flying, judged on its ability to do its mission. Its design addressed
those factors that enable the user to detect and recognize; those
factors were, in fact, the primary elements driving the design. As
a result, this low-light-level television (LLLIV) system gives the
viewer better vision at night than he has by day.




Thus, in a period of half a century (1920-1970) an idea emerged
and grew to give man the ability to see more clearly at night than he
had previously seen with his unaided eyes in bright daylight.

In that half century it has been only recently that serious
attention has been given to the needs and requirements of human ob-
servers. These are still largely overlooked, but in at least one
system the problem has been faced and the results are exemplary,

B. EFFECTS OF IMAGE QUALITY ON OPERATOR PERFORMANCE

Image intensifiers, television cameras, and optical devices
can be measured and tested in a manner somewhat similar to the one
used to test a high-fidelity soundisyétem amplifier or a radar receiver.
As the frequency of a sine-wave signal of known amplitude is varied
at the input, the amplitude is measured at the output. The ratio of
output to input amplitudes, sometimes called the gain, is plotted
against frequency to give what is called the frequency response of the
amplifier.

In optical devices one provides a test pattern of square waves
and sine waves as black and white bars, or a series of black bars that
fade through grey to white and back to black, sinusodially, in a given
linear dimension that becomes smaller for each of several sets of test
patterns. One measures the brightness of various reproduced patterns
and computes the ratio of signal out to signal in. Most commonly the
quantity "modulation™ is used as the output and input parameters, and
thus the modulation transfer function (MTF) is often used as a criterion
of optical element quality.

Not only do optical devices have MIF characteristics, but also
the eye has demands which are contrary to the MIFs of most such devices,

Telescopes, television cameras, and almost all other optical
devices work quite well in producing a nearly 100 percent output modu-
lation for a 100 percent input modulation whenever the source is Yarge
or, in other words, a low-frequency signal. As the source size de-
creases and its reciprocal spatial frequency increases, the MTF falls
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off until for some source size (or frequency) it has effectively
approached zero and has reached a nonuseful level. On the other hand,
the eye requires very little contrast or modulation to see large
objects but needs high cuntrast and bright light to see very small
objects. Thus, as the viewed object becomes small, a television
system does not produce much modulation, while the eye needs large
modulation values to see a small object of high spatial frequency.

For large objects (low frequencies) the television produces much
modulation and the eye needs little, and the combined performance is
good; for small objects (high frequencies) the television produces
little modulation and the eye needs much, and the combined performance
is very bad.

Recent experiments have shown that the area (scmetimes called
MTFA or MTF area) between the MIF plot and eye-demand plot (Fig. 1)

SYSTEM
MTF CURVE

DETECTION
THRESHOLD
CURVE

LIMITING
RESOLliITION

IMAGE MODULATION ===}

R .

21671~ SPATIAL FREQUENCY ¥, lines/mm e

FIGURE 1. Modulation Transfer Function Area (MTFA)
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correlates very well with success and failure in the accomplishment

of visual tasks.
pilots and other trained observers made few errors when the MTFA (of

the imagery they studied) wes large, and made many errors when the

MTFA was small,

a textbook example of corvelation (Fig. 2).

Among other experiments, one series has shown that

The relationship between MTFA and errors was almost
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FIGURE 2. Scattergram of Information Extraction Performance Versus MTFA
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From an understanding of the MTFA work reported later in Part II
and the analysis of component performance in Part V it has been possible
to show that the same criteria apply broadly to low-light-level sys-
tems, but there are important, if not obvious, differences.

Let it be emphasized, however, that television imagery differs
distinctly from photographic imagery in two ways, both of which must
be considered with care. First, both photographs and television
displays have noise, but not the same kind. Photographs have a
"frozen noise™ called "grain," whereas television displays have a
"dynamic noise™ called "snow."™ Second, most common television displays
have a line structure, made up of "raster lines," clearly and sharply
evident. Photographs lack such line structure.

Raster lines interfere with viewing in the same manner» and from
the same approximate cause that the 10-kHz interference whistle i:a a
superheterodyne receiver can interfere with hearing weak signals. Op-
tically, this form of heterodyning is undesirable, It is permitted
only because most people do not realize its degrading effect on image
quality or because they actually believe sharp raster lines indicate
a sharply tuned or focused receiver. This popular belief is very
wrong. At normal picture brightness and viewing distance, the line
structure of a good television display should be invisible to the eye,

or nearly so.

The technology of achieving line rasters without prominent lines
has been understood since at least 1934, when Mertz and Gray published
their first analysis of the problem. In 1953, Otto Schade quantitatively
described the degradation, the acceptable levels of interference, and
the means to reduce the raster interference. A review of these raster
problems and their effects on image quality appears in the second
article in Part II.
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C. LOW-LIGHT-LEVEL PERFORMANCE OF VISUAL SYSTEMS

Any analysis or performance estimate of electrooptical imaging
systems is incomplete without an analysis of the sensor performance
and a corresponding analysis of the output of that sensor convolved
with the input properties of the observer's eye.

| The eye is probably the most versatile of all sensors. It
functions well when the ambient illumination is as high as lO4 foot-
candles or as low as 10-2 footcandles, and it continues to function,
but more slowly and not as well, as the light level is further lowered
by more than two orders of magnitude. The eye-brain receptor system
adapts to a reduction in light level by one or more of the following
mechanisms: anlarging the pupil; integrating the light signal over
larger areas (decreasing resolution to permit increased sensitivity);
increasing sensitivity by switching from high-resolution, color-
sensitive sensor. (the cones) to high-sensitivity, lower-resolution
-sensors (the rods); and increasing the integration time.

At the lower light levels, the ability of the eye to see small,
dim objects can be improved if the objects are magnified at the equiva-
lent low brightness. Though this seems ucphomoric philosophy, it is
quite realistic and is accomplished by using binoculars (night glasses).
Typically, a 7 x 50 binocular magnifies the image on the retina by a

s b0 AR

factor of 7 and thus increcases the image area by a factor of 49. At
the same time, the diameter of the binocular entrance pupils is 50 mm
and that of the dark-adapted eye is about 7 mm. The (50/7)° = 49
increase in collecting aperture just offsets the increase of 49 in

S LTHSSREY

image area. Thus, a sevenfold magnification at equal brightness occurs
and makes visible an object that was previously invisible because of
its smallness and dimness. Increase in image size at no increase in
brightness makes the object visible. Actually, the magnified image

is slightly less bright than the unmagnified object seen directly.

This decrease in brightness is quite small and is due to the small
losses in the lenses and prisms of the binoculars.




The use of binoculars trades magnification for field of view,
As magnifications get l-rger, the corresponding fields of view get
smaller. The field of view of 7 x 50 binoculars is typically ubcut
deg. Greater magnification would linearly reduce the field; less
magnification would increase it. The utility of binoculars as a
night-visizn aid is tied tightly to magnification and therefore to
fiell of view.

Some electrooptical devices, such as image intensifiers, are
light amplifier . One can design image-intensifier optical devices
with a degree of freedom over and above the binocular concept of aids
to night vision. One can now choose a field of view and a brightness
gain independently within rather broad limits. Further, because of
their ~apacity to amplify light greatly, image intensifiers (or low-
light-level television camera tubes) make night vision possible under
conditions of much lover flux and much greater distance than binoculars.

The incorporation of image-intensifying devices in visual systems
permits the manipulation of design parameters with far greater flexi-
bility than binoculars allow. Image-intensifier night-vision systems

incorporate (1) an objective for collecting and focusing the radiant flux
emdanating from the scene onto a fiber-optic faceplate (the first sur-
face of an image intensifier tube), (2' an image-intensifier tube (at
the present time usually containing three stages of intensifica*ion),
and (3) an eyepiece presenting an enlarged virtual image of the in-
tensifier display. Low=-light-level television systems incorporate the
following: an objective; a cascaded intensifier and camera tube com-
bination comprising one or more intensifier imodules, & camera tube and
fiber-optic couplers; a video signal amplifier, and a monitor contain-
ing a kinescope for displaying a real image for viewing. The incor-
poration of image-intensifier devices in visual systems has the effect
of decoupling the input ané output radiant fluxes, removing some of
the opticzal constraints encountered in binocular systems, and permits:
(1) the utilization of radiant flux outside the visible spectrum and
generally the use of more efficient image sensors than the eye, (2)

independent adjustments of subjective magnification and flux collection
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power, (3) thé use of integration times longér than that of the eye,
(4) independerice of the time required for dark adaptation (dark adapta-
tion is not required) and (5) the independent choice of optimum image
brightness for high visual acuity and freedom from eyestrain. In addi-
tion, such systems may provide greater flexibility of viewing by incor-
porating remotely placed television displays.

In image~intensifier systems the quantum efficiency of the
cathodes is now perhaps 10 peircent, so that of every ten arriving
photons only one liberates a photoelectron to undergyo the amplification
process. The amplification takes place in one of two ways:

1. The photoelectron is accelerated through perhaps a
10-kv field and focused upon a phosphor that is covered
by a thin aluminum film. Transit through the aluminum
film reduces the electron energy by nearly half, leaving
about 5000 electron volts to be transferred to & phosphor
grain. This transfer of energy results in a large number
of 0.5-ev photons. Of these 10,000 potentially liberated
photons, perhaps half are trapped within the phosphor
layer and end up as heat rather than light.

Of the 5000 photons that are generated, perhaps twenty
percent are liberated in a direction in which an optical
system can collect and focus them. Thus, about 1000 use-
ful photons are formed for each photoelectron liberated
by the phot::cathode. A gain of about 1000 per photo-
electron thus occurs after the photocathode, but the
photocathode has only about 10 percent efficiency, and

so the overall gain of such a device is perhaps 100 per
stage of intensification.

2. The second form of intensification results from a photo-
cathode converti 7 photons into electrons and achieving gain
by accelerating the photoelectrons a small amount, causing
them to collide with a secondary-electron emitter. This
process, repeated many times, multipliés the number of
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electrons rather than the energy of the electrons, giving
a high exponential gain. The electrons are finally
focused onto a phosphor for reconversion to light.

Both of the processes described above start by reducing the
number of photons comprising the image. This sampling process is
followed by a high~gain process which now creates a bright spot or
scintillation for each photoelectron generated at the cathode.

Let us look at an extreme case; an image with 106 distributed

photons focused on a cathode with 10_6 quantum efficiency, followed

by 106 gain. There will be 108 photons in and 106 photons out. But,

the output photons will all be in one bright scintillation and all
phase information (that is, the information about the original dis-
tribution of photons that made up the light and shadow of the image)
is lost.

Figure 3 shows a series of photographs made by George Morton to
show image quality as a function of the number of photons comprising
the image.

3x 103 Photons 1.2x 104 Photons 7.3 X 104 Photons

e,

7.6 x 105 Photons 3.6x 106 Photons 2.8x ]07 Photons

FIGURE 3. Images Formed by Scintillations. Series of Photographs Showing
the Quality of Pictures Obtained with various Numbers of Photons i
(or Photoelectrons when the Quantum Efficiency is Less than Unity)

12
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If one uses an image intensifier on the very dim images, i.e.,

the ones with few photons, one merely gets an image in which the in-

dividual scintillations are brighter., Since the sampling of the scene

is not significantly improved, the quality (salt and pepper effect)
remains the same.

To improve quality one must improve the sampling by increasing
the collection of photons by the optical system (larger lenses or
mirrors), by increasing the photon collection rate or the efficiency
of conversion, or, if the rate cannot be improved, increasing the
tine. In any case, more input photoelectrons--not more gain--are
needed for an image that can be intensified successfully.

It can be seen that gain alone is a poor criterion for perform-
ance of image intensifiers.*

In image-intensifier systems, if sufficient gain is provided,
the appearance of a scintillation on the display will educe a visual
sensation in the retina. Hence, tiie quant' n efficiency of a visual
system incorporating an image intensifier is characteristic of the

quantum efficiency of the image-sensing surface of the intensifier. -

If the duration of a scintillation produged on the display of
an image intensifier is considerably longer than the integration time
of the eye, the effective integration time of the complete visual sys-
tem is characteristic of the integration time of the intensifier.
Generally, however, image intensifiers are designed with integration

times comparable to that of the eye to avoid loss of visual percep-
tion for moving targets.

If the luminance gain of an image intensifier is high enough,
the eye will exhibit the high visual acuity and speed of response
characteristic of foveal vision even though the scene luminance (as

*

It is therefore very important that the more significant factors in
low-light-level technology be emphasized in the detail writing of
specifications and in procurement negotiations. 71he present over-
whelming fascination with gain should not continue.
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S cd/m2, corresponding

seen by the unaided eye) may be as low as 10~
to terrain illuminated by an overcast night. However, it must be
emphasized that the structure of an image formed on the retina by an
image-intensifier system directed at a dimly illuminated nighttime
scene will generally be quite different (coarser grained and scintil-
lating) than the structure of an image of the same luminance produced
by a binncular system or the unaided eye. In the case of the intensi-
fied image, visual acuity will be limited by fluctuations in the
generation of the scintillations forming the image rather than by the

preperties of the eye.

Remote-view television systems for low-light-level applications
offer some additional degrees of design flexibility not available to
direct-view image-intensifier systems. Besides the possibility of
separating the position of the image sensor from the image display,
there is the possibility of enhancing contrast and modifying the
image in other ways by me"ns of associated video processing.

These additional degrees of design flexibility in remote-view
television systems result from the incorporation of an additional
conve: ion of the two-dimensional electron image generated at the
primary photocathode into a video signal current by means of sequen-
tial readout of the image elements of the electron image on the camera-
tube charge storage target. The conversion of the electron image into
& video signal may introduce a limit on sensitivity not associated with
the parameters of the eye. The noise generated in the first stage of
the video presmplifier will determine the minimum detectable signal
current unless there is sufficient electron multiplication of photo-
electrons generated at the primary photocathode before video signal
injection into the video amplifier. In practice, it has been found
that an electron multiplication of about 104 is required. Electron
multiplication may be achieved with image-intensifier modules and/or
internal electron multiplication by means of eleztron bombardment of
the storage target.
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The gain provided before storage of charge at the "charge storage
target" occurs as a low-frequency gain between cathode and target with
a relatively narrow bandwidth corresponding roughly to the frame of
time of the system,

Video preamplifiers, on the other hand, operate at frequencies
corresponding to the comparatively wide band and high frequency.of the
readout beam--5-50 MHz. Thus, the most useful gain is that associated
with the low-noise amplification processes before readout. These are
low-noise processes due in no small part to their narrow-band, low-
frequency charactcer.

If sufficient electron multiplication is provided, the wvideo
current will consist of a coarse-grained signal current of large
pulses and a fine-grained noise current. The luminous image formed
cn the display by conversion of the video current will consist of
bright scintillations forming the image and a dim background randomly
generated by the video noise current. Under these conditions the
quantum efficiency of the total visual system comprising the remote-
view television system and the operator will be characteristic of
the primary photocathode. As in direct-view image-intensifier systems,
threshold sensitivity and integration time will be, to a reasonable
extent, at the disposal of the designer, subject to whatever restric-
tions are imposed by operationdl requirements, size, weight, and
cost.

The same flexibility in design of subjective magnification and
radiant-flux collection power exists in remote-view television systems
as in direct-view image-intensifier systems. The subjective magnifi-
cation is not so rigidly specified, however. The difference lies in
the fact that the magnification between the display and the observer's
retina depends on the viewing distance, which may not be rigidly con-
trolled.

In the process of detecting the input image, converting it to
electrons, focusing it onto the phosphor, and recreating.a visible
image, contrast is lost at each step for the reason that aberrations
cause an overlapping of the radiance pattern on the display produced

|
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by the input-image irradiance pattern. In the limit of small image-
element sizes, as contrast falls below a few percent, detection proba-
bility approaches zero.

Rather than reproduction of contrast on the display as a function
of image-element size, it is customary to consider the reproduction of
the modulation amplitude of a sinusoidal, spatially modulated, radiant
test pattern as a function of spatial frequency. The relation between
contrast and modulation amplitude is described below. The modulation
transfer function MTF) or sine-wave response of a photoelectronic
imaging (PEI) system is'defined as the ratio of the modulation ampli-
tude of the display image to the modulation amplitude of the input
image on the photocathode as a function of spatial frequency--normalized
to unity as the frequency approaches zero. The sine-wave response can
be measured by projecting a sine-wave pattern with 100 percent modula-
tion onto the photocathode. First a sine-wave pattern of low spatial
frequency is employed and the peak-to-peak output ampliftude is ncted.
With this amplitude as a reference, the pattern spatial frequency is
increased in discrete steps. At each step the new peak-to-peak ampli-
tude is measured, and the ratio of this amplitude to that measured at
the low spatial frequency is formed. The plot of these ampliitude ratios
as a function of pattern spatial frequency constitutes the sine-wave
response.

The case of a zoom intensifier merits special attention. If
the zoom-intensifier sine-wave response were unity at all spatial

frequencies, resolution would be unlimited in both wide-angle and
narrow-angle modes. Since the wide-angle mode also covers more view-
field as well, there would be little point to zoom. As a practical
matter, the intensifier's sine-wave response is limited by aberrations |
in the electron optics and the phosphor particle sizes. As the view-
field is decreased, or zoomed, going from the wide- to th.. narrow-angle
modes, image magnification increases in the same ratio. Consequently,

the spatial frequency scale of the sine-wave response curve is com-
pressed by that ratio. Specifically, for an 80/25 mm zoom tube, the
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magnification increases from approximately 1/3 to unity as the view-
field is decreased and the spatial frequency of the wide-angle mode
is reduced in the narrow-field mode by approximately three, and the
higher amplitude response associated with lower frequencies pertains.
Thus, some of the higher sine-wave response at a given target spatial
frequency in the narrow-angle mode is sacrificed in the wide-angle
mode for the sake of wider viewfield. On the other hand, greater
brightness gain is realized in the wide-field mode, and if sufficient
brightness gain is not otherwise provided, the wide-field mode may
provide some improvement in performance.

For evaluation of the overall performance of a complete visual
system comprising both the operator and the PEI system, it is necessary
to consider the spatial frequency response of the eye and the magni-
fication between the PEI display and the retina.

The modulation required by the eye to detect a sine-wave-modulated

luminance pattern depends on both the optical parameters of the eye and
the organization of the neurological centers of the retina. Both are

functions of the luminance level on the display. The required modula-
tion will also depend on fluctuations in the luminance of the display.

If the required modulation is plotted as a function of spatial
frequency on the display, the frequency scale will depend on the dis-
tance from the eye to the display of a television monitor or the sub-
jective magnification of an eyepiece.

The required modulation as a function of frequency in cycles
per inch, calculated from retinal modulation sensitivity curves pub-
lished by A. van Meeteren, reveals that low values of display lumi-
nance have a dramatic effect on the required modulation fur ztion.

It is important in the design of both remote-view television
and direct-view image-intensifier systems to present the output image
to the eye at sufficient luminance and angular size so that required
modulation is not determined by the optical properties of the eye and
the neurological organization of the retina but rather by the funda-
mental effects of output luminous fluctuations on the decision process.
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It has been determined empirically (first article in Part IT)
that excellent correlation exists between the subjective quality of
aerial photographs and the area (MTFA) bounded by the ordinate axis,
the modulation of the photographic image, and the required modulation
function of the eye. The rationale for the choice of the MTFA as an
overall measure of picture quality and observer performance is based
on the observation that easy detection of a particular spatial fre-
quency requires tirat the modulation should be as high (conspicuous)
above that required by the eye as. possible., In aerial photographs,
generally all spatial frequencies are of interest. Hence, the MTFA
was proposed as an overall measure of observer performance and pi:-
ture quality. In visual observation of photographs, the modulation
required by the eye at low spatial frequencies depends on the proper-
ties of the visual system. At higher spatial frequ. =2ies, fluccuatiomns
in grain size set the requirement and cause the required modulation
to rise.

In the case of low image input irradiances to low-light-level
electrooptical systems, a rise in required modulation with increasing
frequency is observed, which is due to fluctuations in the cutput
luminance produced by scintillations on the display.

The probability of correctly identifying a known signal in the
presence of noise is a function of the signal-to-noise ratio.

For a given input-image element size and sampling time, the
signal-to-noise ratio of the output image is determined by four pro-
perties of the system:

1. The size of the entrance pupil of the objective.
2. The quantum efficiency of the photocathode.

3. The internal generation of noise such as 'shot noise in
thermionic current, Johnson noise in the input resistor of
the video amplifier, and fluctuations in electron multipli-

cation processes.
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4, The degree to which the input image can be reproduced on
the display without overlap of the luminance of adjacent
image elements, i.e., the frequency or sine-wave response.

In image-intensifier tubes, thermionic current and fluctuations
in electron multiplication are generally negligible. compared to the
shot noise of the photocathode current, In low-light-level television
systems, it high intensifier gain is provided, the video amplifier
output current consists of a coarse-grained current of large pulses
and a fine-grained noise current.

If it is anticipated that a system will be used for detection
of -images of all sizes on the display, then the overall performance
of a system and an observer will depend on the signal-to-noise ratio
at the display at all frequencies weighted equally.

Besides the combined system and observer performance, it is
useful to specify a measure of performance of the system without
reference to the eye. Such a measure is the signal-to-noise ratio
of the image on the display. The definition of detection efficiency
for infrared point detectors can be logically extended to imaging
systems by utilizing the image signal-to-noise ratio.

D. IMAGE-INTENSIFIER TUBE STRUCTURES

Night-vision systems incorporate a variety of image-intensifier
devices, often in combinations, designed to meet various operational
conditions and military requirements. The physical electronic func-
tions performed in image intensifiers include (1) conversion of the
radiant image formed on the image sensor surface into an electron
image, (2) intensification of the electron image, and (3) conversion
of the intensified electron image formed on the display surface into
a visual image.

In addition to brightness gain, image intensifiers can be used
to provide viewfield zoom by simple electronic means. They are also
simply coupled to television pickup tubes to increase the sensitivity
of low-light-level television systems.
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The most common intensifier module sizes are 16/16, 18/18, 25/25,
40/18, 40/25, 40/40, 80/25, and 80/40 mm, where the first number re-
fers to the photocathode diameter and the last refers to the phosphor
diameter. The approximate dimensions are given in the table below.
These sizes vary considerably from manufacturer to manufacturer but
may be thought of as representative.

TYPICAL INTENSIFIER DIMENSIONS

Photocathode/Phosphrar Zoom Length, Diameter,*
Diameter, mm _ Range in. in,
16/16 1:1 1.65 1.16
18/18 1:1 . 2.0 1.35
25/25 1:1 2.4 2.0
40/25 1:1 5.4 4.0
40/40 1:1 3.7 3.0
60/18 3:1 6.0 3.7
80/25 3:1 8.0 6.0
80/40 3:1 8.0 6.0

*Exclusive of high-voltage insulation

A typical three-stage, modular cascade image-intensifier tube is
shown in Fig. 4. The three modules are mechanically and optically
coupled together and completely encapsulated with the voltage-multiplier
sections of the high-voltage power supply. Electrostatic focusing with
approximately unity magnification is employed in each module. 1Image
inversion, occurring in each of the electrostatically focused modules,
is canceled by image inversion in the objective of complete visual
systems. Cascade image-intensifier tubes are generally made in three
standard sizes: one with an 18-mm cathode, one with a 25-mm cathode,
and one with a 40-mm cathode.

Development of microchanneli-plate secondary-electron-multiplier
arrays, capable of producinc~ .mages of moderate resolution, aroused
interest in the possibility of a simple, single-stage, high-gain
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image-intensifier tube replacement of the three-stage, modular, cascade
image intensifier. It was anticipated that the microchannel intensi-
fiers would offer the advantages not only of smaller size, lighter
weight, and iower cost but also better performance (i.e., higher tar-

However, performance to date generally has been considerably less than

get detection probability due to better spatial frequency resporise).
initially anticipated due to a number of problems peculiar to these

devices that have arisen during their development.

0 +13KV +26KV +39KV

INTENSIFIED
IMAGE OUT

EYEPIECE

OBJECTIVE
LUMINESCENT
SCREEN
FiBER-OPTIC
PLATE PHOTOCATHODE

$3-17-711-1

FIGURE 4. Schematic Diagram of Modular Cascade Image- Intensifier

The microchannel-plate image-intensifier tube multiplies the
number rather than the energy of photoelectrons. It consists of a
fiberoptic faceplate, on the back side of which is formed a photo-
cathode, a microchannel-plate secondary-electron multiplier, and a
second fiberoptic faceplate, on the front side of which is formed a
phosphor screen with the usual aluminum film required to prevent
1light feedback to the photocathode.

Outgassing by the microchannel plate has the adverse effect of
reducing the lifetimes of both the photocathode emission and seconda)
electron multiplication and yields high ion noise.
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The failure of the spatial frequency response.function of micro-
channel-plate image intensifiers to live up to earlier expectations is
due to a number of factors, including the use of proximity focusing
between the microchannel and phosphor screen, the relatively high ap-
plied potential between the microchannel plate and phosphor screen re-
quired for =fficient electron-to-luminant-image conversion in the
phosphor, and the relatively high transverse energies of the secondary
electrons emerging from the channels of the microchannel plate,

A mcre fundamental limitation on frequency response stems from
the mosaic structure of the microch:mmel plate. This limitation de-
pends on the relative spatial phase of the reyular array of channels
and the pericdic Cest pattern used to measure the frequency response.

Image signal-to-noise ratio reduction occurs in microchannel-
plate image intensifiers due to a number of factors in addition to
those common to all intensifier systems, First, some of the photo-
electric current generated by the input irradiance on the photocathode
is lost at the input to the microchannel plate. Second, the secondary-
electron multiplication process in the channels introuduces fluctuations
in the number of output secondary electrons in the cutput pulses.
Fluctuations in the output pulse heights are due to fluctuations in
the secondary emission yield, fluctuation in secondary electron escape
energy, and fluctuations in escape direction,

Other sources cof noise are local variations in the emission prop-
erties of channel walls, ionic feedback due to outgassing from the
class surfaces, aad electrons either reflected or emitted from the
front electrode of the microchannel plate.

The magnitude of the signal-to-noise ratio reduction in micro-
chammel-plate image inten:-fiers due to each of the above factors is
difficult to measure. Wide variaticiis are observed from one tube to
another, Efforts to determine the fluctuations in the electron mul-
tiplication process often have been masked by the overwhelming effects
of ionic feedback noise. Typical values of signal-to-noise ratio re-
duction are nov. ye:@ available,
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Manufacturers' performance data for representative single-stage
and three-stage cascade image-intensifier tubes are presented in this
report (Part IV, Tables IV-2 through IV-10). In our report, and in
those we recommend, performance data, depending on input radiation,
are reported in radiometric units, 7The use of photometric units based
on the lumen, which by definition implicitly depends on the spectral
responsivity of the eye, as a measure of input radiation to a physical

detector is to be discouraged. Further, Tables IV-2 through IV-10
show:

1. Photocathode responsivity specified in milliamperes per watt
of input radiation from a 2854% tungsten source.

2. Gain specified as the ratio of output luminance in font-

lamberts to input irradiation in watts per square meter from
a 2854% source.

3. Eauivalent background input defined as the irradiance of the
input face required from a 2854°K source to produce an addi-
tional output luminance equal to the mean background lumi-
nance existing when the primary photocathode is masked.

4, The modulation transfer function, synonymous with spatial
frequency response or si:.2?-wave response measured with a
sine-wave test pattern. In some cases the available data

are for response to a bar-pattern or square-wave modulated
test pattern.

E. TELEVISION CAMERA TUBE PERFORMANCE AND DATA

New and different types of television camera tubes are becoming
available at an ever increasing rate. While these new sensors must
inevitably lead to improved imaging systems, tie prccess of sensor
selection becomes more demanding and, should the traditional methods
of comparative laboratory evaluation be followed, costs will become
prohibitive to all but the largest laboratories. To evaluate a single
new developmental sensor can oiften require an investment of tens of
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thousands of dollars and many months of time, and there is no assur-
ance that the results of measurements of a sinyle sample will be
representative.

I.. many cases, however, the need for competitive evaluation can

be greatly reduced by use of analytical performance prediction methods.

These methods have been developed recently to the point where the
computed performance of a sensor such as a television camera tube is
found to be in good, if not perfect, agreement with measured capa-
bility. Indeed, in most cases, the difference between computed and
measured performanpe is less than the expected error in measurement.
Significant differences, where they exist, are being rapidly resolved,
but the results now being obtained are quite usable in their present
form. This is particularly true in making sensor comparisons because,
as far as is known, the calculations do not significantly favor one
type of sensor over any other. The principal shortcomings of the
analyses are: (1) they apply mainly to laboratory test charts or
patterns which are one-dimensional in character; (2) the metheds of
describing image lag are quite primitive; and (3) other defects such
as picture uniformity, graininess and blemishes, which are sometimes
lumped into an elusive term called "picture quality," are largely
undefined. Thus, while we can greatly narrow tube selection for any
application analytically, laboratory evaluations cannot be eliminated
completely.

The most useful concepts for judging camera-tube qQuality are the
signal-to-noise ratio at the input to a display, SNRD, and the lag.
Both quantities are dependent upon signal level. SNRD is not only
deperident upon the level of the input signal but is also very much
dependent upon the contrast and the size (spatial frequency) of the
image at the system input.

Thus, one may very well choose a high-gain stack of many inten-
sifiers followed by a garden variety of vidicon if one is looking for
a large, high-contrast object and is not interested in surrounding
detail or shape. On the other hand, if the light level and contrast

¢
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are moderate, an intensifier isocon will show great detail that the

intensifier stack coupled to a vidicon should never be expected to
show.

Performance of camera tubes can be measured. Actually, computa-
tions are probably much faster, more representative, and cheaper than
one set of measurements on, say, a $25,000 low-light-level camera
tube assembly, and there is alway:@ the possibility that one tube may
not be representative.

One should compute the performance over the range of light levels
and over the range of image sizes for which a camera is lesired.
Computations for performance in moving scenes are less reliable but
can be approximated.

Basically, the SNR criterion is a composite function that in-
cludes sensitivity to light level (the light transfer function) and
sensitivity to target size (the aperture function or the modulation
transfer function).

If one has to choose one of several camera tubes and wishes to
make a spot choice, one should choose some object size or size range
and determine whether that corresponds to 100 television lines per
picture height, or 10, or 500. For the frequency ot interest, say,
400 lines, one should determine the aperture response. This may be
given as typically 15 percent or'SOVpepgent of the low-freguency
response (usually assumed 100 percent). One should then find the light
transfer function for the light level of interest in nanocamperes. The
product of the signal current and the aperture function for the light
level and target size chosen is the best quick approximation to tube
evaluation we know. To that evaluation should be added the lag data
that must be determined from the signal current. The choice of the

weighting factors to be applied to good lag versus good sensitivity
is difficult and must ultimately be made on the basis of human factors.
Fortunately, the best tubes tend to be best in both respects.

For more critical work, the computation of SNRD is given in Part
V of this report. Results are given over the entire span of useful
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signal currents (and light levels) and over a wide range of object
sizes (spatial frequencies).

This compilation is probably the most complete that is generally
available.

F. COMPARISON OF LOW-LIGHT-LEVEL TELEVISICN CAMERA TUBES

This report, and especially the material in Part V, deals with -
the better tubes but deals with the SEC tubes at greater length. By
far the greatest number and the best in performance of current low-
light-level television systems use SEC camera tubes.

It must be recognized that the better lov -light-level camera
tubes available today are compromises. The SEC tube., with their low-
capacity, high-gain targets, achieve a modcrately good aperture func-
tion and a moderately good sensitivity at low light levels. The
physical limitations imposed by the low capacitance oi the SEC target
and the broadness of the reading beam prevent SEC tube performance
from increasing dramatically with increasing light levels.

The silicon-electron-bombardment induced-response (SEBIR)* tubes
are generally limited by beam width, beam impedance, and lateral
charge diffusion in the target at localized-high light levels for
bright, small objects in an otherwise dark scene. '

At low signal levels the remarkably high gain of an intensifier
coupled to a silicon target tube yields the best resolution together
with acceptable lag properties at low light levels, and fairly good
resolution but increasing lag as the light levels decrease further.

At these very low levels there may be applications where only
very low resolution is required. For such applications gain is the
principal parameter, and the modulation transfer function, which falls

*
Or SiEBIR. Also variously known as the silicon diode array storage
tube, the silicon intensifier tube (SIT) (RCA), the electron-
bombarded silicon (EBS) tube (Westinghouse), and the intensified
diode array camera (IDAC) tube (Army Electronics Command),
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but very little at low spatial frequencies, is of little concern. A

cheap, effective, but laggy camera for such very-low-level, very-low-
resolution television could employ a standard vidicon with three in-

tensifiers as preamplifiers.

At the extreme low light levels, one can decrease lag by the use
of an additional intensifier. This further reduces resolution but
can result in tolerable levels of lag. The principal disadvantage is
the need for very high voltages to permit the application of about
20 kv per intensifier, i.e., about 60 kv for the preamplifier string!

As the light levels increase, little improvement occurs in the
imagery of the multiple-intensifier vidicon camera. Though there is
more than adequate signal, the cascading of the component MTFs is the
primary limitation, resulting in very low image quality.

There is a trend in cheap cameras toward the use of channel-
plate light amplifiers coupled to vidicons. Unfortunately, some de-
signers believe that such cameras will yield better performance than
the stack of three cascaded intensifiers and a vidicon. The use of
a channel plate does make for much smaller size, and the overall lag
of channel plate plus vidicon is similar to or slightly better than
that of three cascaded intensifiers plus vidicon, but the cost is
appreci~bly higher and the image quality is about the same.

No serious new designs for low-light-level image orthicon cameras
have materialized in the past few years. The previous "Queen of the
Studio™ has been replaced by the Plumbicon PbO vidicon in commercial
broadcasting and by the SEC in airborne low-light-level television.

The offshoot of the image orthicon, the image isocon, has re-
cently been simplified so that its improvements over the orthicon can
be achieved with rather simple camera circuitry. Unfortunately, the
timing of the isocon development was just too late for the commercial
studio market and too late for the rush of camera designs for air-
borne low=-light-level applications. Actually, at all but the lowest
end of the light scale, the imarz isocon, with one additional stage
of intensification for adequate gain, is about the best of the present
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camera tubes. Its excellent electron optics make possible the best
aperture function of any low-light-level tubes for light levels of,
say, quarter moonlight or more. At lower light levels its perform-
ance decreases rather rapidly, but at more modest levels the tube can
produce excellent imagery.

All television camera tubes can be permanently damaged if ex-
posed to a sufficiently intense source of illumination for a long
enough period of time. The problem is particularly severe for sensi-
tive low-light-leve!. television camera tubes. The very bright sources
of illumination to which the tubes can be exposed in the real world
represent even more of an extreme stress for them than for the less

sensitive conventional pickup tubes.

Receﬁt experiments, to be discuésed below, have explored the
threshold of permanent burn for a variety of low-light-level tele-
vision camera tubes. The results of these experiments lead to the
following conclusions:

® Despite the choice-rof the most unfavorable operating condi-
tions (i.e., the use of a fixed photocathode voltage supplied
by a low-impedance source), permanent burn did not occur
until illuminations of 104 and 10lo
normal operating ranges were reached.

times higher than the

® The cause of permanent burn in the SEBIR tube appears to be
X rays produced by the impact of the photoelectrons on the
silicon target.

e For illumination levels up to 5 x 103 watts/mz, the recently
developed burn-resistant SEC camera tube shows a permanent
white burn threshold similar to that of the image orthicon
and the SEBIR tube. The mesh-supported SEC target is 10 to
30 times more burn resistant than its predecessor.

In most camera-tube applications, the extreme conditions dis-
cussed here will not be encountered.
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Image devices designed to operate under low-light-level condi-
tions are not, in general, capable of imaging points of high intensity
within a low-light-level scene without severe spreading of the point-
source image into adjacent areas of the scene. This effect is often
called blooming. Low-light-level television systems in use today are
often of little use in night surveillance of objects in close proximity
to bright man-made illumination sources. These point sources--grcund
fires, flares, ahd shipboard, aircraft, vehicle, or runway lights--
often contribute a larger integrated flux level at the sensor than

that contributed by the entire remainder of the scene while providing
{ little appreciable illumination to the objects under surveillance.
‘ The flux emitted by such sources is diffused or spread by the atmos-
phere and the optics. The resulting photocurrent is, in turn, further
‘ spread by the electron optics and is scattered and spread at target
material of the camera tubes. The result is a large signal spread
over an area many times larger than the point source, obliterating
detail over a significant portion of the picture.

These effects must be considered when tube specifications are
written. Specifications that define the ratio of acceptable image
growth for a given set of point-source-intensity conditions do not
adequately reflect the physical characteristics of the SEBIR camera
tube. The image diameter for at least three signal levels should be
specified for a given input-image size and intensity several orders
of magnitude above the saturation point.

The above type of specification may not be welcomed by all tube
manufacturers. Depending on his application, a buyer may wish to
relax the specification in some respects. However, this kind of
specification* takes into consideration all of the SEBIR characteris-
tics and leaves no room for surprises upon rec.eipt of the tubes. A
specification of this kind must be flexible and must be tightened to
reflect improvements in silicon diode array technology as they are
made .

wSee Part VI for details.
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G. IMPORTANT TUBE PARAMETERS AND THEIR SPECIFICATION

Military applications of low-light-level television camercs are
quite different from the commercial applications of studio television
cameras in bright white light.

A meaningful specification must state the performance of a
camera tube on tne basis of signal-to-noise ratio at the display
versus spatial frequency when the scene is flooded by irradiance of
a known spectral composition, preferably similar to that in the
environment in which the camera will be used. It makes no sense tc
calibrate a camera under visible light of some given spectral distri-
bution and to expect the same performance under light of some other

distribution, i.e., invisible (covert) irradiance.

Furthermore, we have shown that probability of detection is
related to the signal-to-noise ratic a a function of spatial frequency
at the display and is in general not determined by "limiting resolution.”

If broadband spectral sencitivity is desired, and it is often
useful for quality control or rough comparative calculations, one
should specify the performance in terms of a source of known distri-
bution and bandwidth, e.g., a 2854°K source between 0.6 and 0.95
microns. Such a specification permits comparison of tubes in a
specific region of special interest.

The usual figures of microamperes per lumen used in commercial
broadcast television specifications do not offer much help or guidance
in evaluating tubes to operate under natural levels and distributions
©f light from the night sky.

"Sensitivity" and "resolution" must not be quoted as two inde-
pendent parameters, Rather, one must specify SNR (preferably SNRD) as
as function of resolution., As a lesser alternative, one could specify
some other function such as resolution versus irradiation at_a spec-
ified SNR. The actual data required are data of the form of Fig. S.

Lag in some tubes for special purposes is an asset, but usually
it is the chief demerit.

30




100 —
90 -
80
70
0 ) | CAMERA TYPE o
g 40-mm i-ll
50 — A 40-mm |-SEC ]
X 40-mm |-10
40 ® 40-mm 1-SEBIR 1
30 O 25-mm |3-V ;
V 21.4-mm 12-PV
2 20
—
-
7]
o
<
2 10
|
9
I
Z 8 =
o 7
NI
>
3 s
2 \WI\Y
S N\
3
2 e
l100 200 300 400 500 700 1000

RESOLUTION, lines/raster height

FIGURE 5. Comparison of SNRD Versus Resolution for Various Low-Light-Level
Cameras at Input Photccathode Currents of IO-12 Amp (Curves at

Left) and 10-]0 Amp (Curves at Right)

31




Teman =
- e e P N S R il

In addition to the performance of the sensor, one must treat with
equal care most of the same topics discussed previously plus all the
additional factors of a display that can seriously degrade image
quality or perception,

Thus, we must specify for the display an adequate size, bright-
ness. distortion, dynamic range, and freedom frcm banding, line jitter,
crawl, and twinning.

In the recent past, procurement pressures have forced the by-
passing of sound engineering specification and test. Demonstration
prototypes are seen and lixked, and production units are ordeved, often
as "Chinese copies."” In a recent example, the prototype was assembled
from 10 percent and 20 percent tolerance components--but these were
selected and matched by the best technicians and engineers of the
company in their model shop.

- The production units were made to *he same drawings but without
notation about the selection and matching of components. Among other
things, the bandwidth of the production units fell by a factor of 3
below that of the demonstration prototype. The manufacturer claimed
truthfully that a specification for the selection and matching of
components was not part of his contract, but he offered to include it
for a substantial fee and to correct the production units to p;ato-
type performance. Once again, procurement failed for lack of the
important parameters,

In haste for procurement, people have often written specifica-
tions that they could easily understand rather than the specifications
that would govern the performance of the man-machine combination. The
resulting equipment almost always met the specifications agreed to but
performed poorly in operacions,
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I. TINTRODUCTION

by Lucien M. Biberman

A. PURPOSE

The purpose of this report is to present in orderly fashion the
key factors in the design, analysis, and characterization of low-
light-level devices. The parameters of interest are those that have
the greatest effect on tiie transfer of information from the scene be-
fore the lens of the television camera to the human looking at the
picture tute.

That a good picture is better than a bad picture is clear. What
has not been so clear, even to the designers of most television sys-
tems, is how to decide whether the picture on the television screen
is good or bad.

Designers of optical lenses and airborne cameras have given much
thought to the Question of how to predict whether their equipment de-
signs will permit their cl’ents to capture and see specified graphic
detail. The need to meet contractual specifications for camera and
lens performance has promoted a sharper understanding of the lens
quality required to produce recognizeble pictures of terrain from air-
craft or earth satellites. Although questions of image quality, sig-
nal, and noise are still argued, the parameters are now so well known
that a definite range of performance can be expected from photointer-
preters working with imagery produced by lenses and cameras built to
a given s2t of hard physical parameters.

Such predictability can not yet be ascribed to television or
other low-ligt -level systems. It is time that such systems be mcas-
ured qQuantitatively in terms of the performarce they can yield to
human viewers. In his review of this report, Otto Schade points out
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quite correctly that the developers of lenses and films have accepted
and used the sine-wave response from television systems engineering,
whereas the developers of television have been slow to consider their
images as two dimensional, like photographs.

This report expounds the principles that, the authors believe,
govern low-light-level system perfonrmance. The authors hope that de-
cigners will adopt these principles and abandon the loose and useless
ideas underlying the data that have so long been listed as performance
perameters in manufacturers® literature and cataloging.

This is a report for designers who care,

B. ORGANIZATION

In itemizing and discussing the principles and parameters that
govern the operation of low-light-level devices for night vision, one
must consider not only the adequacy of sensor parameters but also the
visual task, the observer's platform (including its speed and distance
from the target), and the a priori information thut the observer brings
with him to his task. Such task-related factors are in addition to
the factors of contrast, motion, clutter, terrain obscuration, shadow-
ing, and the level and qualicty of irradiance flooding the scene.

Two main sets of factors thus govern the performance o man and
nis low=-light-level viewing aids. The first set is well understood
and includes the physics of light, optics, solid state materials, and
engineering approaches to the design of protoelectronic devices. The
second set, relating the huhan observer to his task, is less well
understood. It includes subjective matters as they are affected by
the vicual task, image quality, and time.

This report is not a treatise on the psychophysics of vision,
but it does attempt to separate the visual processes and the periorm-
. ance of the human eye from the physics of .mnage intensification and
television,
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After summarizing 'the early development of low-light-level de-
vices, this Introduction (Part I) briefly reviews some of the subjec-
tive factors in visual performance that are of particular interest to
désigners of devices to aid man in detection, recognition, and identi-
~ fication. Part I concludes by examinimg specifications for low-light-
level devices.

Part II discusses criteria .>r image quality.

Part III examines the human visual process and optical aids to
that process under conditions of low illumination,

Part IV discusses the image intensifier as a device to aid vision
at low light levels and lists the parameters of a variety of available
image intensifiers.

Part V introduces television camera tubes and develops the con-
cepts %eading to SNRD, Rosell's signal-to-noise ratio at the display.
It is-SNRD, the authors believe, that is the most powerful means of
evaluating "resolution," a term usually used loosely and incorrectly.
In SNRD
camera tube performance. This is substantiated by a series of psycho-

one has a meaningful parameter by which to judge television

physical experiments reported herein. For zach tube type, Part V de-
velops the equations to compute SNRD and then graphically presents
data for many useful parameters, including SNRD and the specialized
"limiting resolution" case of SNRD.
- Part VI compares camera tubes on the basis of lag and SNRD and
discusses adverse factors such as "burning" and "blooming."

-Finally, Part VII csums up with some brief comments or important
tube parameters and their specification.
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C. EARLY HISTORY OF THE DEVELOPMENT OF LCW-LiGHT-LEVEL TECHNOLOGY

Low-1light-level technology had its beyinning in the 1930's with
the early concepts of image intensification, which were not basically
different from those we hold today. Unfortunately, the early devices
suffered badly from two major deficiencies, poor .photocathodes and
poor coupling. Between the low quantum yield of fhe.then available
photocathodes* and the losses in coupling, the early image intensifier

was a light amplifier whose net gain was less than one.

The development of both cathode and coupling technologies lifted
the image intensifier from a not very practical concept to the useful
device it now is. The two most important factors were the development
of the trialkali cathode (S-20) and fiber optics coupling.

The material below is an abridged historical review of intensi-
fier development supplied by George Morton. {

The history of intensifiers cannot be divorced
from the history of the signal generating or camera
tube itself. Interest in this area began shortly
after the formalization of electron optics in the
1920's. Much of this early work had as its ulti-
mate objective the application of electron imaging
to the problem of increasing the sensitivity of
television camera tubes. The first published ar=-
ticles on image tubes appeared in the middle 1930's
and included papers by Holts, deBoer, Teves and
Veenemans (Ref. 1), Bruche and Shaffernicht (Ref.
2), Zworykin and Morton (Ref. 3), Heimann (Ref. 4),
and others. The image tubes described were, in
general, single stage converter tubes employing
S~1 semitransparent cathodes. Their sensitivity
to near infrared radiation was one of the features
of interest at the time.

The concept of image intensification by cas-
cading stages was suggested independently by a num-
be» of workers in the field during the same period.
It is impossible to establish priority for the idea
at this date. An early patent in this area was is-
sued to Barthelemy and Leithine (Ref. 5) (31 August

%*
Photocathodes will sometimes be called cathodes in the remainder of
this report.
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1936). This type of device is also described, not
as original, in the book, "Electron Optics," by

L. M. Meyers (1936) (Ref. 6). These intensifiers
employed a phosphor screen closely coupled to a
photocathode as the two-dimensional space current
amplifier., However, at this time, the technology

of photocathodes and phosphors had not developed to
a point where image intensification could be achieved.
The best cathode available was the Ag-0-Cs (S-1)
photoemitter. Even if all the electrons from an
S=1 cathode could be focused into the most efficient
phosphor of that period, the amount of light gener-
ated would be less than the light on that cathode.

During World War II, a good deal of effort went
into the development of image converter tubes for
infrared imaging. In Great Britain, the work was
directed toward proximity focused tubes, while in
the United States (Ref. 7) and in Germany (Ref. 8),
electrostatically focused image tubes were developed
into practical production-type devices.

The period following World War IT witnessed
greatly accelerated research on image intensifiers,
It was during this period that the cesium antimony
cathode was developed by P. Goerlich (Ref. 9).

This, together with advances in phosphors, made it
possible to obtain a current gain with the combina-
tion of a fluorescent screen and photocathodes,

Work had begun at RCA as early as 1941 on investi-
gating the current gain that can be obtained with
an intensifier screen consisting of a thin glass or
mica supporting membrane coated on one sic: with a
phosphor layer and on the other with a photocathode.
The first practical image intensifier utilizing this
principle was completed in 1949 (Ref. 10). In Ger-
mdny, a similar development was reported in a re-
view, "The Development of Infrared Techniques in
Germany," by Krezik and Vand in 1946 (Ref. 8). The
zxact date and performance of this tube are not
known, but it is believed that it was built by
Schaffernicht.

Image brightness intensification by fractional
megnification had been used even in the early infra-
red image tubes (Ref. 7). This principle was suc-
cessfully applied to visible light image intensifiers
to be used in fluoroscopic diagnosis by Westinghouse
in the United States and by Philips in Holland.

Transmission secondary emission was made feas-
ible for image intensification by the work of Sternglass

41




(Ref. 11) at Westinghouse who found that aluminum
oxide supported potassium chloride layers would
yield as many as 8 or 10 secondary electrons when
bombarded with 6- to 8-kv primary electrons. At-
tempts to employ such films in a multi-stage in-
tensifier were rather unsuccessful until about 1959
when Wilcock, at the Imperial College of London,
succeeded in building spectacularly successful
tubes. This brought this form of intensifier to 2
point where it was a fairly serious cumpetitor for
intensifiers using cascaded phosphor-photocathode
screens,

A third type of intensifier which received a
small amount of attention over most of this period
and which recently has gained considerable promi-
nence is the multichannel secondary emission in-
tensifier now usually called the microchannel plate
intensifier. Each picture element of this type of
intensifier is a minute multi-stage secondary emis-
sion multiplier. The first experiments were low-
resolution devices fabricated element by element
using tubular multiplier structire. Wcrk along these
lines was done at RCA Laborato - es, the Imperial
College of London (Ref. 12}, Ch.cago Midway Labora-
tories (Ref. 13) and other laboratories. This was
followed by attempts to use registered plates of
metal (dynode material) and insulator, with arrays
of shaped holes, to give the dynode geometries.
More recent work grew out of that by the Bendix
Aviation group (Ref. 14) in the late 1950's.

Fiber optics is another development which -has
resulted in a considerable advance in the intensifier
art, The development of fiber optics was contributed
by a number of optical companies, The role played
by the American Optical Company was a major one in
the initial stages, and later Mosaic Fabrications
continued this work.

Fiber-optic discs facilitate efficient optical coupling of in-
tensifier tubes to other intensifiers or to camera tubes and permit

construction of the modern modular cascade image intensifiers de-

scribed in Ref. 15.

versally adopted for all quality programming.

The development of low-light-level television as we know it to-
day really began with the advent of the image orthicon tube in 1946.
The orthicon became the "queen of the television studio" and was uni-
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stuuic lighting made the S-10 cathode quite suitable for orthicons
and thus formed a basis upon which later technology could build.

The combination of the spectral response of the S-10 cathodes
used in most orthicons designed for commercial television and studio
lighting gave rise to an overall spectral response that was not too
far different from that usually attributed to the photopic eye. Thus,
technicians proceeded to use visual-response light meters with tele-
vision tubes, although this was known to be improper theoretically.

The advent of better cathodes such as the modern S-20, S-20VR,*
S-25, and related surfaces has made such practices not only theoretically
wrong but practically inappropriate, but then so are most of the com-
mercially published specifications.

Manufacturers of televisjon tubes (and also manufacturers of
photographic films) are quick to point out that they use data measured
with visual-response light meters for their own purposes in quality
control and that it is nct their fault if systems people misinterprest
and misuse their data.

Figure I-1, taken from a manufacturer's pamphlet, has been
crossed out as a warning not to use such a method of computation. It
is wrong and very misleading.

The nomogram in Fig. I-1 has basic flaws and leads one a'.cray
for two reasons:

1. The chart is based upon 2854% radiation, whereas 3000° to -
5000 indoors or 2000° to 15,000°K outdoors (Ref. 16) under
. conditions of starlight or north light in daytime can very
well be representative of usual lighting.

2. The footcandle is a unit by which one judges human visual
performance. It is normalized to the human eye and IS
INDEPENDENT OF SPECTRAL DISTRIBUTION., This normaiization

*

S-20VR is not a term of the Joint Electron Device Engineering Council
(JEDEC) but is applied to the recent better cathodes by Varo, Inc.,
and others,
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FIGURE I-1. Camera Tube Data Typical of Manufacturers' Literature
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does not apply to camera tubes unless they are specifically

normalized to the human visual response by the use of color
filters, and very few camera tubes are.

4

Although the data in the nomogram of Fig. I-1 are based on 2854%

radiation, the table at the bottom of the figure definitely infers
that it applies to sunlight or moonlight of a specified number of
footcandles. THAT INFERENCE IS INVALID. Results calculated as these

were are _erroneous. One of the purposes of this report is to dispel
the popular misconception that Fig. I-1 represents.

Until quite recently, very little engineering information on
television camera tubes was available. About the best to be found
was in the data sheets put out by General Electric., One could fird
in such sheets data on the "luminous sensitivity" or the signal cur-
rent in amperes per lumen, and if one knew that what was meant was
not really a lumen but rather the number of 2854°K watts of radiant
power when an illuminometer registered one lumen, then one could,
from the data shown on the relative spectral response, calculate the
absolute response of the tube in question (Refs. 17, 18). From that,
one could then go on to calculate such things as the limiting resolu-
tion for different levels of light and for different spectral distri-
butions.

Certainly, the above is far different from the process indicated
in the nomogram of Fig, I-l. After all these computations, however,
one would know only the limiting resolution. Could one perhaps infer
that one tube would produce a better picture than another if its
limiting resolution were better than the other's? For seemingly
identical tubes off the same production line that would probably be
true, but for different types of tubes that would be a dangerous

assumption--sometimes true, often not.
i

Thus it is clear that to use the nomogram oneiﬁﬁ{k know not ohly.

how many footcandles are involved but also what kind of footcandles
they are (i.e., from what source) and what kind of cathode will sense
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them. One must then perform all the necessary numerical integrations.
The footcandle was conceived to make such calculations unnecessary in
visual problems and to make the eye independent of the spcctral com-
position of the illumination when measured in footcandles., The foot-
candle obviously does not fit television sensors. THE FOOTCANDLE
SHOULD NOT BE USED IN SPECIFICATIONS OR COMPUTATIONS FOR THE DESIGN
OR EVALUATION OF LOW-LIGHT-LEVEL DEVICES.

Figures I-1 and I-2 illustrate camera tube specifications of a
reputable manufacturer. To the uninitiated they look technical, logi-
cal, and factual. The fact that they do not enable one to compute the
probability of seeing a target (or even a bar chart) has not yet stopped
the use of such inappropriate data as a basis for procurement.

The nomograph in Fig. I-1 is in fact erroneous and misleading be-
cause it allows one to use scene illumination without regard to color
or color temperature, i.e., spectral distributions. The rest of the
data, while factual, is logical and useful only to the tube manufacturer--
not to the user.

In the preceding material, the inference is that manufacturers
do not know better than to use footcandles and other photometric terms
in describing electrooptical device perfcrmance. Though this may be
partially true, it was encouraged by early military requests for com=-
parisons to be made against unaided visual performance. The question
was usually asked, "How well can I see with my eyes in varying degrees
of darkness, and how well can your low-light-level television see?"
Thus, the darkness was measured with a photometer to give a subjective
measure, and this was propagated into military practice.

This history does not justify the present situation but dces
explain why it is difficult to eradicate or change. One should ask
the same procurement or specificatior people how they specify the
sensitivity of infrared mapping equipment, a FLIR, or a radar receiver--

in lumens or watts? Low-light-level devices are primarily near-

infrared devices=--visual units and measures do not apply.
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