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PREFACE

The content of this monograph stems from the writer’s early
involvement with the design of a series of television camera tubes:
the orthicon, the image orthicon and the vidicon. These tubes and
their variations, have, at different times been the “eyes” of the
television system almost from its inception in 1939. It was natural,
during the course of this work, to have a parallel interest in the
human visual system as well as in the silver halide photographic
process. The problem facing the television system was the same as
that facing the human visual and the photographic systems, namely,
to abstract the maximum amount of information out of a limited
quantity of light. The human eye and photographic film both repre-
sented advanced states of development and both surpassed, in their
performance, the early efforts on television camera tubes. It was
particularly true and ‘““plain to see’’ that each improvement and
refinement of the television camera only served to accentuate the
remarkable design of the human eye. A succession of radical
advances in camera-tube sensitivity found the eye still operating
at levels of illumination too low for the television camera tube.
It is only recently that the television camera tube has finally matched
and even somewhat exceeded the performance of the human eye
at low light levels.

It was also clear throughout the work on television camera
tubes that the final goal of any visual system—biological, chemical,
or electronic—was the ability to detect or count individual photons.

vii



viii Preface

A finite quantity of light meant a finite number of photons, and a
finite number of photons meant a finite amount of information.
Only by counting every photon could the total information in the
light flux be extracted. These elementary statements define the
emphasis of this monograph.

The emphasis is on several major aspects of photon counting
and can be put in the form of questions. What is the information
content of a finite number of photons? How well do the several
systems— biological, chemical, and electronic—achieve the goal
of photon counting? And finally, what is the underlying physics
governing the counting processes in electronic systems?

The emphasis is, in brief, on the sensitivity performance of the
several systems as measured on an absolute scale. The absolute
scale is the ratio of information transmitted by the particular visual
system to the information content of the light flux entering the
system.

The present monograph is not intended in any way as a
complete discussion of the state of the art on human vision or on the
various electronic devices—except in the one respect of the achieve-
ment of the absolute limit of sensitivity. There is obviously a wide
variety of visual phenomena such as color vision, the structure and
biochemistry of the retina and the organization of the optic nerve
fibers which is touched only tangentially. Similarly, there is an
extensive literature concerning the design, processing, and perfor-
mance of particular electronic systems, much of which is reviewed
in the two volumes edited by Lucien N. Biberman and Sol Nudelman
entitled Photoelectronic Imaging Devices.* This literature is referred
to only as it illuminates the central theme of the present monograph.

The literature on human vision, photography, and television
normally appears in widely separated journals. It is hoped that the
present treatment of these divergent fields in terms of a common
theme will contribute to the essential process of cross-fertilization.
To that end, considerable emphasis has been placed on the presenta-
tion in elementary physical terms of a number of topics whose
highly formalized literature has been accessible only to small groups
of experts. These topics include noise currents, gain-bandwidth

* Published by Plenum Press, New York (1971).
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limitations in solid-state devices, and electron-phonon interactions.
The obviously interdisciplinary character of the monograph may,
indeed, extend even to several fields within the discipline of solid-
state electronics.

This monograph incorporates many of the writer’s professional
interests over a period of some decades during which time he has
enjoyed the stimulation and guidance of a generous number of col-
leagues. I am indebted to Harley Iams, Paul Weimer, Harold Law,
A. Danforth Cope, and Stanley Forgue for the adventure of ex-
ploring new forms of television camera tubes; to Dwight O. North
for numerous discussions of stochastic processes; to Otto Schade
for his catholic understanding of and contributions to almost all
aspects of television, photographic, and human visual systems;
to Roland Smith and Richard Bube for the opportunity of inter-
acting with their early work on photoconductivity; to Wolfgang
Ruppel, Henry Gerritsen, Fritz Stockmann, and James Amick for
a cooperative effort on understanding the physics of electrophoto-
graphic systems; to Murray Lampert for an extended and deeply
rewarding collaboration on injection current in solids; to Richard
Williams, Helmut Kiess, and Avram Many for their penetrating
insights into high field transport; and to George Whitfield, Allen
Rothwarf, and Lionel Friedman for expert guidance on electron-
phonon interactions. I am also indebted to R. Clark Jones for
his generous support and elaboration of my early arguments for the
quantum limitations of human vision. I would like to thank A.
Many, W. Low, and M. Schrieber of the Hebrew University for the
opportunity of exploring the coherence of the subject matter
of this monograph in a series of lectures for the Bathsheva de
Rothschild Seminar on Applied Physics. Finally, I have profited
from a critical reading of the manuscript by Ralph Engstrom,
Helmut Kiess, and Otto Schade.

The final writing of the manuscript was carried out in the
stimulating and congenial atmosphere of Laboratories RCA Ltd
in Zurich, for which I am indebted to the director, Walter Merz,
and the staff.
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UNITS AND
DEFINITIONS

Photometric Units

1.5 x 1073 watt
4 x 10'° photons/sec
1 lumen of white light = 4 x 1073 watt
10'® photons/sec

1 lumen of green light

Il

Incident Illumination

1 lux = 1 meter-candle
1 foot-candle = 10 lux

1 lumen/m?
1 lumen/ft?

i

Surface Brightness

1 lumen/ft? falling on a 100% reflecting and perfectly-diffusing
surface yields a surface brightness of 1 foot-lambert. Similarly,
1 lumen/cm? yields a surface brightness of 1 lambert.

1 foot-lambert = 1 millilambert

XV



CHAPTER 1

THE VISUAL PROCESS

1.1. Introduction

It would be difficult to find a more cogent confrontation
between physics and biology than in the visual process. Nature
was faced from the beginning with the hard fact that light consists
of a finite number of bits of energy, called “photons” or “quanta.”
Whatever visual information was to be distilled out of the sur-
rounding world was circumscribed by the profound constraints
imposed by the discrete nature of light.

Throughout the millions of years over which life in its manifold
forms evolved, survival was the dominant motif. Unless the prey
could detect its predator in ample time, life terminated abruptly.
Visual detection was not the only means of detection, but it was
a major one. And visual detection had still to function in twilight
and even in starlight when the stream of photons dwindled to an
occasional patter of drops of energy. It was, indeed, a matter of
life and death that each photon be husbanded and assembled
to trace out the best possible image of impending disaster. Little
short of a photon counter would suffice.

There is ample evidence among the primitive forms of life
that nature mastered the art of counting photons at an early age.
If it were only a question of utilizing the incident energy of the
photons, we can, in fact, predate animal life and point to the highly
efficient solar battery developed in plants by way of photosyn-
thesis. But the counting of photons entails not only the efficient

1



2 Chapter 1

absorption of photons but also the highly sophisticated process
of amplification. The energy of a photon is sufficient to disturb
only a single atom or molecule. With this energy alone, the infor-
mation that a photon had been absorbed could not be transmitted
beyond the point of absorption, let alone to some central nervous
system. A nerve pulse involves the motion of at least some millions
of atoms or ions. Hence, the energy of the absorbed photon must
be multiplied or amplified over a millionfold before it can give
rise to a nerve pulse. The ingenious amplifier that nature devised
remains an unsolved puzzle. The great variety of amplifiers that
man has devised for the same purpose is in large part the content
of this monograph.

The quantum character of light is a hard constraint. Nature
could, in a physical sense, do no more and, in a survival sense,
do no less than devise a photon counter. Once having the photon
counter, there were secondary choices as to how the information
was to be handled.

The incoming photons, for example, could be accumulated
for a long time to generate an image of high quality or for short
times to give a rapid series of low-quality images. The long-time
accumulation would mean that moving objects would be blurred.
Moreover, the animal itself would have to slow down its move-
ments so that it did not joggle its camera (or visual system) during
the course of an exposure. At the other extreme, a radically short-
ened time of exposure would yield images of such poor quality
or so impoverished of information content as to be of little value
in guiding the animal’s response. The compromise was set, at
least for the human system, where one might expect, namely, at
an exposure time matched to the reaction time of the human
system as a whole. The reaction time is the sum of the transit time
of nerve pulses from eye to brain and back to an appropriate
extremity plus the time required to overcome the physical inertia
of that extremity. Overall, the reaction time is in the order of a
tenth of a second, as is the exposure time of the eye.

The choice of exposure time is readily understandable. So
also is the choice of spectral response. The latter peaks near the
peak of the sun’s radiation—and even shifts at twilight toward
the blue in order to match the shifting spectral content of the
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light scattered from the “blue” sky. There are a host of other choices
perhaps not so obvious and perhaps offering the opportunity
for reading the past through the shape of the present. These have
to do with the size of lens opening, the focal length of the lens,
the red and the blue cutoffs of the visible range, the density of
retinal elements which puts a ceiling on image quality, the multi-
plicity of color vision, the programed interconnections of the
optic nerve fibers, and, finally, even the number and location of
eyes. We will return to this subject later and point out some of
the adaptations of the optical parameters to the life habits of a
number of animals. In the meantime, we note the contrast between
the primary character of the photon-counting problem—it is
singular, ultimate, and essential—and the wide-ranging secondary
character of the ways in which the photon counting was adapted
to the life habits of particular animals.

1.2. Quantum Limitations on the Visual Process

The absolute measure of the performance of a visual system
is the ratio of information transmitted by the system to the infor-
mation incident on the system and contained in the incident
light flux. It is necessary, then, that we have a quantitative measure
of the information conveyed by a finite number of photons. We
derive such a measure in a series of steps designed to emphasize
three aspects of the quantum limitations on the visual process.
The first aspect has to do with the overall finite number of photons;
the second aspect is their random distribution in time and space;
and the third aspect is the problem of guarding against false alarms,
that is, spurious visual patterns that may arise from the random
character of the photon distribution and not from the original
scene itself. Each of these aspects exacts an increasing toll in terms
of the number of photons required to transmit an elementary
bit of information.

1.2.1. Discreteness of Light Quanta

We imagine first that we have a black canvas and that we
wish to paint a picture (Fig. 1.1) on the canvas depicting a white
wall on which is located a single black spot. This is the simplest
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Fig. 1.1. Test pattern consisting of a single
black spot on a white background.

of pictures in that we wish to indicate only the presence of the
black spot, and not its structure, on the otherwise white wall.
Furthermore, the method of painting will be constrained to be
that of stippling. We can paint an array of small white dots, all
of the same size but of varying spacing. Each white dot will corre-
spond to the visual effect of a photon in a generalized visual system.

We suppose that the size of the black spot is such that the
canvas can accommodate a total of N of these close-packed spots.
The single black spot, then, defines the size of a picture element
whose area is a fraction N~ ! of the canvas.

At this point, we ask what would be the smallest number of
white dots required to portray the presence of one black spot on a
uniformly white wall? If we are allowed to space the white dots
uniformly, then, clearly, N — 1 white dots are both necessary
and sufficient to complete the canvas. The single missing white
dot locates the presence of a single black spot (Fig. 1.2).

The next step in sophistication of our painting will be to
locate a single gray spot as well as to portray its shade of grayness.
We assume that the reflectivity of the spot is 99 9 of that of the
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Fig. 1.2. Reproduction of Fig. 1.1 using an
ordered array of “photons.”

white wall and again ask for the smallest number of white dots
required to convey this information. The answer, obviously, is
100N — 1 dots. Each picture element will have exactly 100 dots
stippled in, with the exception of the one picture element containing
the gray spot. The latter will have 99 dots to indicate that its bright-
ness is 99 %, of that of the surrounding wall.

While all of the above is embarrassingly elementary, the
argument does stress the high cost in photons required to portray
small elements of low contrast. For example, the number of picture
elements N required for well-resolved images often lies in the
range of 10°~10". Hence, we would need some 108-10° photons
to delineate the location and brightness of the gray spot.* That is,

* While a single gray spot on a white wall may in one sense appear to transmit
only a single item of information, the total picture transmits as much informa-
tion as any more complex pattern. The picture contains the information that
there is no gray spot on any of the other N — 1 picture elements. Hence, the
brightness of each picture element is a discrete independent item of information
even when the picture is a complete “blank.”
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we would need these 100N photons providing they could be
arranged in a precise array of 100 photons per picture element.
But nature does not work in so orderly a fashion. Photons arrive
atrandom times and places and give rise to a fundamental graininess
in any image, a graininess that tends to obscure the detection of
fine detail and faint contrasts. The result is a considerable increase
in the number of photons required to delineate the fine detail of
images.

1.2.2. Random Character of Photon Distributions
Natural incoherent light is emitted by some form of electronic
excitation, as from an excited atom. The average lifetime of the
excited state is a well-defined, calculable, and observable parameter.
On the other hand, it is a fundamental property of the quantum-
mechanical nature of such an excitation that the photon can be
emitted at any time during the average life of the excited state.
More definitely, the probability of emitting a photon at any time ¢
and in a time interval At is given by exp(— t/t) At/t, where 1 is the
average lifetime of the excited state. What is significant for our
purposes, is that the emission of photons is a stochastic process.
If we carry out the experiment of illuminating a small area
with a “constant” incandescent light source and count the number
of photons that strike the area in a given time At, we will obtain a
series of numbers n,, n,, ... corresponding to the actual number
of photons that arrived at the first interval At, the second interval
At, and so on. We have put quotation marks around the word
“constant” because the experiment which we are performing is
one way of determining whether the source is indeed constant.
The fact that the numbers of the series n,,n,,... do not all
have the same value may in the broadest sense cast doubt upon
the constancy of the source. Yet, no matter how carefully we
design the source, it will turn out that there is an irreducible spread
to these numbers. That spread is the consequence of the stochastic
or random nature of the process of emitting photons.
In particular, it will be true that if we observe that the average
number of photons arriving at the test area is n,, we will also
find that the numbers ny,n,,... are distributed around n, in
such a fashion that the average value of (n; — ny)? will also be
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n,. The average value of (n; — ny)* is called the mean-squared
deviation from the mean. The square root of this quantity, or
{(n; — ng)*>Y? is called the root mean squared deviation from
the mean and is abbreviated as rms deviation.

We introduce here also a terminology that will be used fre-
quently in this monograph. A signal is defined as the average
number of photons falling on a test element. The noise is the rms
deviation from this number. In the example cited above, n, is the
value of the signal and n}/? is the value of the noise. The signal-to-
noise ratio is then also ni/2. The term signal will also be used, as
will be clear from the context, to mean the difference between
the average numbers of photons falling on a given test element
and on surrounding test elements of the same size. This meaning
is used, for example, to define the signal appropriate to a low-
contrast test-element on a uniform surround.

We return to the black canvas on which we wish to paint a
small gray spot by use of a stippling of white dots, each representing
a photon. In our first estimate, using uniformly spaced dots, we
arrived at the need for 100 dots per picture element (a picture
element was defined as the area of the gray spot to be portrayed)
in order to portray a single gray spot having 99 9, of the brightness
of the surrounding canvas. If we now recognize the random char-
acter of the photon distribution, we will find that the actual numbers
of photons falling on various picture-element areas are distributed
around the average number 100 such that the rms deviation is
(100)!/2 or 10.* At this point, we have a signal to be detected which
is 1% of the surrounding average brightness and we are faced with
a noise fluctuation in these picture element areas which is 10 %; of
the average brightness. (The signal to be detected in this example
is the difference between the number of photons in the test element
and the average number of photons in equal area elements of the
surround.) In brief, the signal-to-noise ratio is 0.1, and far less
than the value of unity which is frequently taken as the threshold
for visibility of a signal against a noisy background.

* The rms deviation will be the same whether we look at the numbers of pho-
tons falling on a given area in successive equal time intervals or at the numbers
of photons falling on many equal areas in a single time interval.
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Our first requirement, then, is to increase the density of photons
on the canvas so that the fluctuation or noise level does not exceed
the signal to be detected. Since the signal represents a 1 9 deviation
from the surround, we require that the noise level (or rms deviation)
also not exceed 1%. This is achieved by having an average of 10*
photons falling on each picture element. The rms deviation will
then be the square root of 104, or 102. And the ratio of this random
deviation to the average will be 1072, or 1%,

In summary, at this point, the number of photons required
to portray a single spot was increased by a factor of 100 in going
from a black spot to a gray spot having only 19 contrast with
the surround; and the number was increased again by a factor
of 100 in going from an ordered array of photons to a random
array. The latter factor insured that the signal to be detected
was equal to the rms deviations occurring as a result of the funda-
mentally random character of the photons. There is yet another
factor to be introduced to guard against false alarms, that is,
the mistaking of any particular random fluctuation for the real
signal to be detected.

1.2.3. False Alarms

It is frequently stated or implied in discussions of electronic
systems that the threshold of detectability of a signal occurs when
the signal is equal to the noise. This is a somewhat misleading
statement. For example, suppose that we are monitoring the
level of an electrical current to detect significant changes of 1%
or more. Suppose, also, that the noise level (rms deviation) is 1%
of the average current. If we make N successive observations
of the current, we will find that the current will depart from its
average value by 19 or more in almost half of the observations
eveninthe absence of any “real” or deliberately imposed disturbance
of the current. We must put quotes on the term “real” because
the fluctuations resulting from the noise are just as “real” as a
deliberately imposed disturbance—it is only that the source of
the disturbance is different. The significant part is that almost
half of our observations will tell us that the current has departed
from its average value by more than 19 whether or not there
has been any deliberate disturbance. It is in this sense that half
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the observations will be false alarms. In order to guard against
false alarms, the “real” signal to be detected must exceed the level
of noise by some appropriate factor. The factor can readily be
approximated by knowing the statistical distribution of noise
fluctuations as well as the number of observations which should
statistically be free from false alarms.

Figure 1.3 shows the distribution of noise fluctuations around
the mean value of a parameter. The ordinate is the probability
density and the abscissa k is plotted in units of the rms deviation.
The second abscissa scale, n, is a particular numerical example
for which the average number of photons is 900. The rms deviation
is then 30. The total area under the curve using the k abscissa
scale is unity. The area under the curve between k = 1 and k = 2,
for example, is 0.13 and represents the probability that an obser-
vation will lie in the range between 1 and 2 rms deviations above
the mean. In the numerical example, it is the probability that an
observation will lie between 930 and 960 photons. Similarly, the

SIGNAL

-3 -2 -1

1 ] 1 1 1 1 1 1 1
810 840 870 900 930 960 990 1020 1050
n —»

Fig. 1.3. Probability distribution of a noisy quantity about its mean value.
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area under the curve to the right of k = 2 is 0.023 and represents
the probability that an observation will exceed 2 rms deviation
units above the mean. In the numerical example, it is the probability
that an observation will exceed 960 photons.

Table 1.1. gives the probability that noise fluctuations will
exceed the mean value of the background by 1, 2, 3, etc. units of
the rms value of the noise. The probability for noise fluctuations
occurring on either side of the mean is just twice the probabilities
listed.

With the aid of Table 1.1 we can now specify how large a
signal is required in order to avoid false alarms. The signal in
this case is the difference in average brightness between the test
spot and the background. We suppose, as is common, that the
picture has 103 picture elements, each of the size or area occupied
by the test spot. We have then 10° opportunities to generate a
false alarm. And, if our purpose is to reduce the number of false
alarms to below unity, we will need, according to Table 1.1, a
signal whose amplitude is 4-5 times larger than the rms noise.
We call this value of k the threshold signal-to-noise ratio. It is such
a value of signal for which we are reasonably confident of not
mistaking a noise fluctuation for the real signal. Note that at k = 6
the probability of detecting a false alarm is already far smaller
than is needed. In the other direction, k = 3 would only guard
against false alarms for a picture having less than 10° picture
elements. Hence k = 5 is a reasonable approximation to the
threshold signal-to-noise ratio.

Table 1.1
Values for the Probability of Exceeding
Various Values of £

k Probability of exceeding k

0.15

0.023
1.3x10°3
3x 10783
3x 1077
2x107°

ANV B W —
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We choose k = 5 rather than k = 4 for the following reason.
In the above argument, we assumed a very noisy background
and a well-defined signal. However, the signal itself has nearly
the same noise or spread as the background.* This means, for
example, that if in Fig. 1.3 we located the mean value of the signal
at k = 4, we would find that the signal appeared half the time
below k = 4, and half the time above. If, on the other hand, we
locate the signal at k = 5, we will find that only 0.15 of the time
will the signal appear below k = 4. It will exceed k =4, on
the average, 0.85 of the time and be judged a real signal. Hence,
a margin of about one unit of k above the nominal value needed
to avoid false alarms is sufficient to give a reasonable reliability
to our observations.

At this point, we compute the increase in photon density
required to satisfy the criterion k = 5, as compared with the
criterion k = 1 used in the previous section. We begin with the
condition k = 1 for which the signal is equal to the rms deviation
of the noise. In particular, let the signal and the rms deviation
each be 19 of the background brightness. As we increase the
photon density, the signal remains constant when measured as
a percentage of the background brightness. The rms deviation
of the noise, however, decreases. Since the ratio of the rms deviation
to the average background brightness varies as nd/?/n, = 1/n}/?,
where n, is the average density of photons in the background,
it will be necessary to increase n, by a factor of k? (= 25) in order
to decrease the ratio 1/n3/? by k (=5).

In sum, the density of photons required varies as k*. And,
for the value k = 5, the density of photons must be increased
25-fold relative to the density computed in the previous section
for k = 1. In the previous section, the number of photons was
computed to be 10N, where N was the number of picture elements.
Hence, to guard against false alarms, this number must be increased
to 2.5 x 10°N.

We can now write, in general, the expression for the total
number of photons required to detect a contrast C where C is a

* Black or very dark signal elements on a white background must, of course, be
excepted.
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measure of the signal as a fraction of the background brightness,
thatis,C = AB/Band 0 = C = 1(C = 1 means 100% contrast and
C = 0.01 means 1% contrast).

Total number of photons = N é k? (1.1)

Here, N is the total number of picture elements and reflects the
discreteness of the photons. The factor 1/C? is a consequence of the
contrast C and the random character of photon distributions; the
factor k? reflects both the random character of the photon distri-
bution and the need to avoid false alarms.

1.3. A Summary Experiment

Almost all of the conclusions of the previous three sections
can be read off by inspection of Fig. 1.4. In Fig. 1.4a there is depicted
an area uniformly illuminated by a low density of photons. Each
photon was made visible on a television screen as a discrete white
dot by using a high-gain photomultiplier. We note in Fig. 1.4a
the discrete character of photons, their random distribution, and
their consequent noisiness which gives rise to false alarms. A
simple inspection of Fig. 1.4a reveals black areas or spots which
we could, in the absence of other information, readily identify
as “real” black spots in the original picture. In fact, no such delib-
erate pattern of black spots was introduced into the making of
Fig. 1.4a. The black spots are a consequence of the statistical
fluctuations in the distribution of photons.

Figure 1.4b is a “real” test pattern of black spots* which we
wish to detect under the low illumination represented by Fig. 1.4a.
To do so we simply superimposed the positive transparencies
of Figs. 1.4a and 1.4b to obtain Fig. 1.4c. Note that the four larger
black spots of Fig. 1.4b are readily visible in Fig. 1.4c. The remain-
ing smaller black spots of Fig. 1.4b are undetectable in Fig. 1.4c.
They are lost in the noise. Note also that the four larger spots
that are visible in Fig. 1.4c appear to terminate in a fifth black
spot forming the apex of a triangle. The fifth black spot, however,

* The thin black bar will be referred to in Section 1.5.
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Fig. 1.4. Demonstration of the limitations imposed by the quantum nature of
light on its ability to transmit information.



14 Chapter 1

is one of the largest statistically generated black spots already
present in the “uniform” illumination of Fig. 1.4a. For convenience,
this black spot is located in Figs. 1.4a and 1.4c by small coordinate
arrows on the edges of the pictures.

The presence of this statistically generated black spot in
Figs. 1.4a and 1.4c means that any “real” black spot must be
larger than it in order to be reliably judged to be “real.” If we take
this statistically generated black spot as a starting point, we find
that it occupies about 1/500 of the area of the picture. Also, since
there are some 4500 dots in the picture, the average number of
dots in the area of this spot is 9. The signal-to-noise ratio is then

9 = 3. From Table 1.1, we note that a signal-to-noise ratio of 3
would yield false alarms only one in a thousand times. Hence,
since there are 500 picture elements having the size of the black
spot, and since the probability of obtaining such a black spot by
statistical fluctuation is one part in a thousand, we are at the
threshold of reliable visibility, of “real” signals or “real” black
spots. The “real” black spots need only be somewhat larger than
the one we are considering. In particular if the signal-to-noise
ratio of the “real” spot were between 3 and 4, we would have
sufficient confidence in its reality. Note, for example, that the
signal-to-noise ratio of the largest black spots in Fig. 1.4cis approx-
imately 5, since they each obscure about 25 white dots. These
large black spots are clearly well above the threshold of reliable
visibility and tend to confirm that our estimate of threshold signal-
to-noise ratio should lie between 3 and 4.

The density of photons in Fig. 1.4 is at the extreme low end
of densities that we normally encounter. The low density was
deliberately chosen to illustrate the three major properties of
photon distributions: discreteness, random distribution, and
false alarms. In the range of the higher densities normally encoun-
tered, the number of picture elements is likely to be of the order of
10° rather than the 10° calculated for Fig. 1.4. Under these condi-
tions, the threshold signal-to-noise ratio also must be increased to
values between 4 and S in order to guard against the appearance
of false alarms. From Table 1.1, at k = 5, the probability of false
alarms is only 3 x 10~ 7. It decreases rapidly atk = 6to2 x 10~°,
A television picture, for example, has some 10° picture elements
and would call for a value of k between 4 and 5.
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Figure 1.4a serves another purpose. It emphasizes how com-
pletely unrealistic it would be to use the customary criterion for
visibility, namely, a signal-to-noise ratio of unity. The operational
meaning of this criterion is that if a first person removed one of
the dots in Fig. 1.4a, a second person could determine which dot
had been removed. The removal of one dot is the equivalent of
having a black spot in a test pattern that obscures, on the average,
one dot or photon. The average signal is then one photon and
the noise, which is the square root of the average, is also one photon,
yielding a signal-to-noise ratio of unity. Simple inspection of
Fig. 1.4 shows the virtual impossibility of detecting a single mis-
sing photon.

1.4. A Second Experiment

The experiment of Fig. 1.4 was confined to the visibility
of black spots for which the contrast is, by definition, unity. If
we choose to look for gray spots for which the contrast is less than
unity, the size of the spot must be increased. According to Eq. (1.1),

Total number of photons = N é k?
A
where d is the linear dimension of a picture element (that is, the
test spot) and A is the area of the picture. Equation (1.2) states
that if we keep the total number of photons fixed (that is, maintain
constant brightness), the diameter d of a test spot which is just
visible should vary inversely with its contrast C.

Figure 1.5 is a photograph of a test pattern made up of discs
whose diameters decrease by a factor of 2 in progressing along a
row, and whose contrasts decrease by a factor of 2 in progressing
down a column. Along a 45° diagonal of Fig. 1.5, the product dC
is then constant. If we illuminate Fig. 1.5 with some intermediate
light intensity, the boundary between the discernible and non-
discernible parts of Fig. 1.5 should be one of the 45° diagonals.

Figure 1.6 shows the results of a series of illuminations of
Fig. 1.5. Figure 1.6 was obtained by photographing the kinescope
of a television system when the pattern of Fig. 1.5 was illuminated
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Fig. 1.5. Test pattern used to measure the resolving power of a system in terms
of the size and contrast of single elements.

by a flying-spot scanner and the reflected light recorded by a high-
gain photomultiplier.®-") Parenthetically, Fig. 1.6 was made
some years prior to Fig. 1.4 and shows a certain variation in the
intensities of the individual white dots, each being the trace or
signal of an individual photon. The variation arises from the
variation of gain of a photomultiplier depending upon where on
the photocathode the photon strikes. In Fig. 1.4, a limiter was
used to trim the white dots to nearly the same size.

Figure 1.6 shows clearly that the boundary between the
discernable and the nondiscernable parts of Fig. 1.5 lies approxi-
mately along a 45° diagonal. Further, the boundary moves one
step to the right, toward discs that decrease by a factor of 2 in
diameter, for each factor of 4 increase in light intensity, as is to be
expected from Eq.(1.2). The series of pictures in Fig. 1.6 was used
in the early publication® ! to estimate a value for k, the threshold
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Fig. 1.6. Reproduction of Fig. 1.5 using a light-spot scanning arrangement
in which the trace of single photons was made visible. The relative numbers
of photons are indicated on each photograph.

signal-to-noise ratio, lying between 4 and 5. As we noted earlier
(see Table 1.1), the value of k should increase from 3 to 5 in going
from very low densities of photons for which the number of picture
elements is less than 10 to high densities of photons for which
the number of picture elements exceeds 10°.
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1.5. Resolution, Signal-to-Noise Ratio, and Test Patterns

The term “picture element” has been used here as meaning
the smallest area of a spot of a given contrast that can be resolved.
The shape of the spot is not critical; it can be round, square, or
even rectangular. The area is of primary significance in determining
the signal-to-noise ratio which is based on the average number
of photons falling on that area.

It is clear by inspection of Fig. 1.6 that the term picture element
has a certain elastic significance. If we are looking for small black
spots on a white surface, the number of discernable picture elements
is larger than if we are looking for gray spots having a small contrast
with the white surround. From Fig. 1.6 or from Eq. (1.2), the number
of discernable picture elements is proportional to the square of
their contrast. There are 10* more picture elements having a
contrast of 1 (black spots) than those having a contrast of 0.0, or
19. A lack of recognition of this relationship was responsible
for many years for an inflated estimate of the resolving capability
of photographic film.

The quoted values for film resolution were (and also, fre-
quently, still are) based on the smallest spacing of a set of black
and white bars that could be resolved. It was not unusual, for
example, to use a given film with a rating of say 2000 lines per pic-
ture and find that not even details having the dimensions of 400-
line resolution could be resolved. The primary reason, of course
was that the detail to be resolved was low contrast, and not black
and white. A second reason is that the detail was in the form of a
single picture element and not in the form of a set of bars. The
use of bars, rather than the single spots of Fig. 1.5, leads to a gross
overstatement of the resolving properties of a system. The bars
yield a higher resolution because the estimate of signal-to-noise
ratio tends to be based on the total area of the bars rather than on
a single elemental area whose diameter is the width of one bar.
In Fig. 1.4, for example, the smallest black spots are not visible
in Fig. 1.4c. At the same time, the presence of a long bar, whose
width is slightly less than that of one of the smallest black dots,
is readily visible.

There was a period during the early history of television
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when members of the motion picture industry asked for television
channel widths of the order of a hundred megacycles in order
to transmit their films.®-! This was based on a black and white
bar-pattern resolution rating for their film of 2000 lines. A casual
inspection of current television pictures shows that viewing this
same 2000-line film through the present 500-line (5 megacycle
channel width) television standards frequently degrades the picture
quality as compared with live studio pictures. That is, the signal-
to-noise ratio of the film at 500 lines is frequently less than that
which emerges from the studio camera transmitting live scenes.® ")

The misleading effect of using a test pattern of bars to define
the resolution of a system is clearly brought out in Fig. 1.7. This
is a series of pictures of ten pairs of black and white bars taken
by Coltman.“"" The number under each picture gives the relative
illumination of the test pattern. The illumination was sufficiently
small (and the gain of the system sufficiently high) that each white
dot represents a photon. It is clear that even in the first picture of
the series, the one which has the lowest illumination, the presence
of the bars can be detected, for example, by viewing the pattern
somewhat edgewise, first from the side and then from the bottom.
In this picture the density of photons is so low that if we defined a
picture element as a square element whose length of side is the
width of one bar, the average number of photons in this element
would be significantly less than unity and in the neighborhood of
1. The signal-to-noise ratio of such an element would then be
(£)!/2, or 0.5. This is a misleading use of the term signal-to-noise
ratio since it applies to an element which is small compared to
what the eye is actually looking at or making use of in order to

1 2 4 10

Fig. 1.7. Enhanced visibility of bar patterns as compared with dot patterns
(Coltman).©-V
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determine the presence of the bar patterns. The eye is making use
of a large part of the pattern in order to achieve a signal-to-noise
ratio well above unity. Single isolated elements whose dimension
is the width of a bar would, of course, be completely undetectable
in the first and also in the second picture of this series.

Consider also the first of the series of pictures in Fig. 1.6. This
picture was recorded from the kinescope of a 500-line television
system. If we were to estimate the signal-to-noise ratio of an element
whose diameter is one television line width, the value, based on
the density of photons, would be far less than unity. Since there
are some few thousand photons in the entire picture, and a few
hundred thousand television picture elements, the average number
of photons per picture element is 10”2 and the signal-to-noise
ratio referred to these elements is 107!, It is clearly evident from
Fig. 1.6 that elements of such small dimension and small signal-
to-noise ratio are completely beyond the range of visibility. It is
only by going to the area of the largest black spot that we attain a
threshold visibility and a threshold signal-to-noise ratio of about 4.

In brief, the signal-to-noise ratio of what the eye is able to
detect must be well in excess of unity. Signal-to-noise ratios less
than unity, as reported by Coltman‘“?’ or by Morgan™-!) for
the viewing of bar patterns, may have a certain utility as reference
numbers, but they do not define the signal-to-noise ratio of what
the eye actually apprehends.

Parenthetically, there is some ambiguity about the meaning
of signal-to-noise ratios less than unity. For example, the signal-
to-noise ratio of 0.1 cited above was associated with an average
density of 0.01 photons per picture element. Hence, on the average,
a viewer would see zero photons in the picture element 99 times
out of 100 observations. A single observation does not, in general,
give any information about the magnitude of signal-to-noise
ratios less than unity.

Another frequent error arises in motion picture or television
practice when the signal-to-noise ratio of a picture element in a
single frame is associated with threshold visibility observations
on the moving film. If the storage time of the eye were equal to
the time for which one frame is viewed in motion pictures, the
above association would be valid. As it is, the storage time of the
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eye is about 0.2 sec and the time for one frame (in a television
system) is 0.03 sec. Hence, the eye is in effect looking at the super-
position of some 7 successive frames and achieving a signal-to-noise
ratio which is larger than that of a single frame by the factor \/7
Anyone who has looked at a single frame of a motion picture is
immediately aware that it is noisier than the visual impression
gained from the moving film in normal projection.

1.6. An Absolute Scale of Performance

Using Eq. (1.2), an absolute scale of performance can be
plotted against which the performance of any actual picture-
seeing device or system can be measured. We choose a fixed value
of 5 for k, the threshold signal-to-noise ratio, with the understanding
that in the region of low light levels its value should be somewhat
lower. There are no reliable measurements on the variation of k
with light level. Further we compute Eq. (1.2) for 1 cm? of image
surface. Hence Eq. (1.2) can be written

Number of photons/cm? = n = E%
or
1 Cn'/?
Number of resolvable lines/cm = 1= "3 (1.3)

The term “number of resolvable lines/cm” is used here to measure
the diameter d of the smallest resolvable isolated spot having a
contrast C. It does not refer to the customary operation of viewing
bar patterns with spacing d. The latter, as we have pointed out,
are intrinsically more visible than single isolated spots. Figure 1.8
is a plot of number of lines/cm versus C with the photon density n
as a parameter.

If we know, for example, that the image surface of some visual
system has received an exposure of 10'° photons/cm?, then, accord-
ing to Fig. 1.8, we should be able to resolve black and white
elements (C = 1) whose diameter is greater than 1 x 10™* cm.
At the same time, we should only be able to resolve elements,
having a contrast of 0.01, whose diameter is greater than + x 1072
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Fig. 1.8. Universal plot of the limiting size and contrast of single elements that
can be transmitted at various photon densities.

cm. All of this would be true if, indeed, the visual system counted
every incident photon. Under these conditions its quantum yield
would be unity (a quantum yield of unity equals a quantum effi-
ciency of 100%).

Now suppose that, in fact, the smallest black and white element
that can be resolved by the visual system with 101 photons/cm2
on its image surface is only 3 x 1073 cm rather than 4 x 1074
cm. Then, according to Fig. 1 8, the effective performance is that
of a system having a quantum yield of 0.01, or a quantum effi-
ciency* of 19%.

The parameters of the curves in Fig. 1.8 are given primarily
in photons/cm? in the image plane. For convenience, the photons/

* Quantum efficiency, here, has the same meaning as the phrase DQE (detec-
tive quantum efficiency) which was introduced by R. Clark Jones and which is
used extensively in the literature.
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cm? are converted also to foot-candles illumination in the image
plane for an exposure time of 0.1 sec.* The conversion factor used
is 10'® photons/sec per lumen of white light. A third equivalent
shown on the curves is the corresponding scene illumination
in foot-lamberts when an f/2 lens is used and an exposure time of
0.1 sec. Finally, the locations of various representative light levels
are indicated from starlight to bright sunlight.

Figure 1.8 shows the performance of ideal noise-limited visual
systems. It is likely that the resolving power of actual systems for
small black test elements will be limited by lens errors, by diffraction,
or by structure in the image plane. Similarly, the ability of actual
visual systems to portray small contrasts in large areas may be
limited by various sources of system noise such as nonuniformities
in the recording medium. The result is that the performance curve
for an actual system may not lie along a 45° line, but may be bowed
such that the high-resolution and low-contrast ends show a lower
performance than some intermediate part of the curve. Figure 1.6
shows evidence of this bowed type of cutoff. It will appear again
in the peformance curves for human vision.

1.7. Geometric versus Noise Limitations to Performance

The preceding remarks are presented schematically in Fig. 1.9.
The solid lines labeled “signal” give the amplitude response of an
imaging system as a function of the number of lines/cm in a test
pattern. These curves are a measure of the geometric limitations
of the system such as diffraction, lens aberrations, and the finite
size of the elements of the imaging surface. The curve labeled
“rms noise” is the noise current that would be observed if the
image were scanned by a series of apertures, each corresponding
to a certain number of lines/cm. (The finer apertures give larger
noisz currents, increasing as the number of lines/cm, or the recip-
rocal width of the aperture. The reason is that even though the
rms fluctuation within the aperture decreases as the aperture
dimension, the linear velocity at which the aperture scans the
image must increase as the reciprocal area, or as the square of its

* We assume here a lens transmission and a scene reflectivity of 100%.
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Fig. 1.9. Schematic comparison of geometric and noise limitations to resolution.

reciprocal dimension, in order to cover the entire image in a fixed
time. The product of these two effects then yields a noise current
increasing as the reciprocal of the aperture width. By the same
arguments, the signal current is independent of aperture size.) The
noise curve is plotted as 5 x rms noise in order that its intersection
with the signal curve will yield directly the smallest resolvable
elements.

If there were no geometric limitations to the resolution of
the system, the smallest resolvable elements would lie at point A4.
Actually, the drop in the geometric resolution causes the cutoff
to lie at a lower line number, at point B. This is true for picture
elements having 1009, contrast, that is, black and white. If we
turn our attention to low-contrast elements [curve marked “signal
(309 contrast)”] we find that the cutoff lies at point C where the
geometric response is still unimpaired. The same is true for low-
light scenes in general.

The point we wish to make is that even when geometric
limitations on the resolution of a system begin to play a role, they
affect selectively only the high-contrast parts of the picture. The
visibility and signal-to-noise ratio of the low-contrast parts are
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likely still to be unaffected; and most of the information in an
average picture is of low contrast.

Our emphasis throughout this monograph is on the limitations
imposed by the finite number of photons rather than on the less
fundamental limitations imposed by the finite geometric response
of the system.

1.8. Beyond the Visible Spectrum

The arguments outlined in this chapter have been concerned
primarily with radiation in the visible range of wavelengths (0.4—
0.7 um). Since the arguments have been couched in terms of numbers
of photons, they apply equally well to any system that can detect
ultraviolet radiation, x-rays, or gamma rays. Sturm and Morgan,®-"
for example, have given an excellent discussion of the information
transmitted by a finite number of x-ray photons. In the case of
visible and higher energy radiations, one can extend the arguments
down to almost arbitrarily low densities of photons since the thermal
densities of these photons are vanishingly small.

One can also apply the arguments to the range of infrared
radiation. Here, however, one must contend at ordinary tempera-
tures with a significant density of thermally generated photons.
It is as if the surround were never dark. Indeed, the ambient density
of photons whose wavelength is in the neighborhood of 10 um is
comparable with that of bright sunlight, namely, about 10'®
photons/cm?-sec incident on or emitted from a surface. At 3 um,
the photon density is of the order of that for room light, or about
10 foot-lambert, and at 1 um the density is equivalent to a visible
ambient density of about 10~ ! foot-lambert, that is, far below the
absolute threshold for vision.

In general, the photon flux emitted by a blackbody at temper-
ature Tis

% exp( - %)photons ccm~2-sec” sr!
where Av is the range of optical frequencies in the neighborhood
of the wavelength 4.
The visibility of objects in the infrared region is a complex
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function of the artificial illumination used, their self-luminous
flux, their emissivities, and their temperature differences. We
mention here only that the contrast of objects viewed by their
own radiation and having the same emissivities is

where AT is the temperature difference between an object and its
surround. A temperature difference of 1 deg (centigrade) yields a
contrast of about 109, at wavelengths of 1 um and a contrast of
about 19/ at 10 um.

1.9. Summary

The information content of a finite amount of light is limited
by the finite number of photons, by the random character of their
distribution, and by the need to avoid false alarms.

The signal-to-noise ratio of a test element in an image is
defined as the ratio of the average number of photons in the element
(or difference in average numbers between it and the surround)
to the rms deviation from the average. For an average number n,
the signal-to-noise ratio is n'/2.

The threshold signal-to-noise ratio k is the ratio of signal to
noise required to avoid false alarms. Its value is normally about 5
and may be as low as 3 under extreme low-light conditions.

The characteristic for an ideal photon-noise-limited system is

nd*C? = k?
where n is the number of photons/cm?, d is the diameter of test
element, C (= AB/B) is the contrast of the test element with the
surround, and k (= 5) is the threshold signal-to-noise ratio.

The signal-to-noise ratio of a system has meaning only when
the size of the test element has been specified.

The resolution of a system has meaning only when the contrast
of test element has been specified.

Geometric limitations on resolution affect the high-contrast
elements more than the low-contrast elements.

Bar patterns are more visible than an isolated spot whose
diameter is equal to the width of the bar.
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CHAPTER 2

HUMAN VISION

2.1. Introduction

The human visual system has attained a remarkable level of
sophistication. The scientists engaged in matching its performance
by some electronic or chemical system can only marvel at its sensi-
tivity, its compactness, its long life, its high degree of reproduci-
bility, and its elegant adaptation to the needs of the human system.
It is true that the attempts at man-made systems date back only a
scant hundred years, while the human visual system has been
millions of years in the making. But the human visual system had to
emerge from some cosmic scrambling of the elements, repeated
and repeated and repeated until by chance the happy combination
fell into place. While there are few who would question the blind,
probabilistic, evolutionary origin of the human species, there are
none who can delineate the steps. The shortfalls have long since
vanished without a trace.

In the scheme of evolution, vision has an almost unique role.
One can conceive, for example, that further evolutionary develop-
ments might lead to a larger brain capacity, a more involved nervous
system, or a variety of enhancements of current functions. It is not
conceivable that the sensitivity of the visual process can be signifi-
cantly enhanced. The visual process is at an absolute terminal point
in the evolutionary chain. To the extent that the visual process
now succeeds in counting each absorbed photon, there is little
possibility, outside of increasing the absorption, of a further increase
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in sensitivity. The laws of quantum physics impose a firm limit which
has been closely approximated by our existing visual apparatus.

We made the proviso that vision has an almost unique role
because there is evidence that some of the other sensory processes
have also evolved against an absolute limit. The ability of insects
(moths), if not other species, to detect single molecules is evidence
that the sense of odor has in some instances reached a quantum
limit. Similarly, our sense of hearing is limited in the extreme by
the presence of an ambient thermal noise.

The high sensitivity of the visual process is not confined to the
human species. The lower forms of animals and the nocturnal
birds show clear evidence of comparable performance. Presumably,
the species of fish that inhabit the deeper and darker reaches of the
oceans must also exhaust what little information filters down
through the straggling wisps of light. Finally, we can point to
photosynthesis as evidence that the early forms of plant life already
succeeded in making use of almost every incident photon, at least
within a certain spectral range.

The primary aim of this chapter is to present the data on human
vision in such a form as to demonstrate the high quantum effi-
ciency of the eye over a wide range of light intensities. In order to
convert raw visual data into photons/cm? on the retina, it is neces-
sary to know the optical parameters of the human eye. These are
reviewed in the next section.

2.2. Optical Parameters

An outline of the dimensions of the human eye is shown in
Fig. 2.1. The lens has a pupil opening that varies from 2 mm at high
ambient light levels to about 8 mm near the threshold of vision. The
pupil opening adjusts within tenths of a second to the ambient light
level. The focal length of the lens is 16 mm. This means that the
speed of the optical system varies from f/2 at low light levels to /8
at high light levels. A representative curve of pupil opening versus
light level is shown in Fig. 2.2.&-D

The light-sensitive layer, called the retina, is composed of
discrete light-sensitive cells, the rods and cones, spaced about 2 ym
apart. There are some 108 of these elements in the total retinal area
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of about 10 cm?. The cones, located predominantly in the central
or foveal area subtending about one degree, are active at medium
and high light levels and transmit color sensations. The rods,
occupying most of the retinal area, are active down to the lowest
light levels and are devoid of color sensation. The cones set the limit
of resolution at high light levels to about 1 or 2 minutes of arc and
closely match the diffraction disc appropriate to a 2-mm lens
opening. There is operational and anatomical evidence that the
rods are connected in larger and larger groups up to several thou-
sand elements as one departs from the center of the retina. Note that
the light striking the retina passes through the layer of nerve fibers
fanning out from the optic nerve to the retinal cells.

The space between the lens and the retina is filled with an
aqueous medium whose index of refraction is 1.5. It is estimated
in the literature that half the light incident on the eye reaches the
retina. The rest is reflected or absorbed.

The physical storage time of the eye is between 0.1 and 0.2
sec, and is probably closer to the latter. The physical storage time
is the equivalent of exposure time in a photographic camera. There
is, perhaps, at most a factor of 2 increase in storage time in going
from high light levels to the threshold of vision. The eye obeys a
reciprocity law so that it senses only the product of light intensity
and time for times less than 0.1 or 0.2 sec.

2.3. Performance Data

There has been a continuous outpouring of data on human
vision over the past hundred years. Some of the more recent and
complete measurements of the ability of the eye to detect a single
spot of varying size and contrast under a wide range of illumination
have been published by H. R. Blackwell.®®-® Figure 2.3 is a plot of
Blackwell’s data for the range of scene illuminations from 10~ to
102 foot-lamberts, range of contrasts from 1 9 to 100 %, and range
of angular resolution from 3 to 100 minutes of arc. We have omitted
data for contrasts less than 19, or angular resolution less than 3
minutes of arc since visual performance in these ranges is clearly
not limited by noise considerations, but by other constraints which
set the absolute limit of contrast discrimination at 3 % and angular
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Fig. 2.3. Visual performance data as measured by Blackwell.®-3

resolution at 1-2 minutes of arc. In the latter case, the finite size
of rods and cones set the geometric limit to resolution.

Figure 2.4 is a plot of similar and earlier data by Conner and
Ganoung (1935)“-?) and Cobb and Moss (1928).““ A comparison
of Figs. 2.3 and 2.4 shows substantial agreement. One notable
difference is that Blackwell’s data show no improvement in going
from 10 to 100 foot-lamberts, whereas the data of Cobb and Moss
do.

In both Figs. 2.3 and 2.4, 45° lines represent the performances
to be expected if the performance were noise limited as shown by
Eq. (1.2). The data in Fig. 2.4 follow the noise-limited 45° slopes
moderately well. The data in Fig. 2.3 are somewhat bowed and only
tangent to the 45° slopes in a finite range. The departures in Fig. 2.3
from the 45° slopes can be ascribed to the admixture of limitations
other than photon noise.

2.4. Quantum Efficiency of Human Vision

The data in Figs. 2.3 and 2.4 need to be converted into photons/
cm? at the retina in order to make an estimate of the quantum
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efficiency of the eye. To do so we have assumed a storage time of
0.2 sec, a lens transmission of 0.5, and a range of pupil openings
given by Reeve’s data in Fig. 2.2. Once having made the conversion,
the photon density at the retina is inserted into Eq. (1.3) in the form

C3d*0n = k* = 25

where 0 is the quantum yield of the eye (quantum efficiency =
100 x 6%). The value of k, the threshold signal-to-noise ratio, is
taken to be 5.

Figure 2.5 shows the quantum efficiency of the eye, computed
from Blackwell’s data, as a function of ambient brightness. The
most striking aspect of these results is the relatively small variation
of quantum efficiency in the span of 8 orders of magnitude of light



Human Vision 35

o
I

o

ESTIMATED QUANTUM EFFICIENCY

8 FOR BLUE-GREEN LIGHT
6|

QUANTUM EFFICIENCY COMPUTED
4 FROM BLACKWELL'S DATA FOR

WHITE LIGHT ASSUMING A STORAGE
TIME OF 0.2SEC AND A THRESHOLD
SIGNAL-TO- NOISE RATIO = k=5

o

PERCENT QUANTUM EFFICIENCY
N
I

L I I
1074 1072 I 102
SCENE BRIGHTNESS, FOOT-LAMBERTS

_°
S
[

Fig. 2.5. Quantum efficiency of the eye as a function of ambient bright-
ness. The values for gree-blue light at the peak of visual sensitivity are taken
to be three times larger than for white light. The quantum efficiencies at the
retina should be about twice the values plotted above. The sum of the
photons incident on both eyes was used in computing the quantum efficiency.

intensity. The quantum efficiency starts at 39, at extreme low
lights near absolute threshold (approximately 10~ 7 foot-lambert)
and declines slowly to about £ % at 100 foot-lamberts. It is true, on
the one hand, that this is a tenfold variation in quantum efficiency.
On the other hand, it must be compared with a 1000- or 10,000-fold
variation in quantum efficiency which was invoked in the earlier
literature to account for the phenomenon of dark adaptation. We
will return to this point in more detail below. In the meantime, it
is well to recognize that even this tenfold variation may consider-
ably overstate the facts. In deducing the tenfold variation we have
assumed a constant exposure time and a constant k factor. There
is some evidence that the exposure time may be a factor of 2 larger
at low lights than at high lights. If so, the variation of quantum
efficiency would then be reduced to only fivefold. It is further
likely that the k factor is smaller at low lights than at high lights.
This variation in k (or, rather, k?) could easily introduce another
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factor of 2 which would bring the overall variation in quantum
efficiency down to a mere factor of 2 in a range of 10® in light
intensity.

The second major aspect of the quantum efficiencies in Fig. 2.5
is their relatively large magnitude. There have been estimates in
the literature®” that the sensitive material (rhodopsin) in the
retina absorbs only 109, of the incident light. If so, the quantum
efficiency (for white light) referred to absorbed light would then be in
the order of 607 at low lights. This would leave scant room for
improvements in the photon counting mechanism itself. It is, how-
ever, puzzling to understand what evolutionary purpose was served
in absorbing only 10% of the incident light. It is possible that the
limited availability of otherwise compatible biological materials is
the source of this curiously low absorption.

Some of the drop in quantum efficiency at high lights can be
ascribed to the demands of a color-sensitive system. If, as recent
evidence has shownPV there are 3 sets of cones with different
spectral responses, the receptive area for light of a given wavelength
would be reduced at high light levels by as much as a factor of 1.

The quantum efficiencies in Fig. 2.5 (lower curve) are based on
white light. It is known that the visual response to green light is some
three times higher than the response to the same total number of
“white” photons—that is to photons distributed across the visible
spectrum. The use of green light (or greenish-blue at low light) should
have increased the quantum efficiencies as shown in Fig. 2.5 by a
factor of 3. In this event the quantum efficiency at low lights would be
some 109, and would force the estimate of the fraction of light
absorbed by the retina to be at least 20 9/, rather than 109, of that
incident on the retina.

We would like to re-emphasize that the quantum efficiencies
of Fig. 2.5 are dependent on the choice of the parameters 0.2 sec
for the storage time of the eye and k = 5 for the threshold signal-
to-noise ratio. These values are subject to some uncertainties,
particularly as they apply to Blackwell’s data. It is possible that
improved values for the parameters can lead to higher values of
quantum efficiency. For example, the assumption of a storage time
of 0.1 sec would double the quantum efficiencies in Fig. 2.5. How-
ever, it is doubtful that the effort spent on refining these parameters
can compare in value with the effort spent on an improved experi-
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mental format for measuring quantum efficiency which is inde-
pendent of the parameters.

2.5. A Preferred Method for Measuring Quantum Efficiency

There is now available a remarkably simple arrangement
for measuring the quantum efficiency of the eye with some confi-
dence. The recently developed silicon intensifier television camera
tubes (see Chapter 3) are able to transmit pictures at low levels of
illumination that are clearly photon-noise limited, that is, limited
by the noise of that fraction of incident photons that give rise to
photoelectrons at the photocathode. The significant fact is that
the camera tube can present an ideally photon-noise-limited picture
appropriate to the reliably measurable quantum efficiency of the
photocathode. The procedure, then, is to have an observer and a
television camera view the same low-light scene at the same viewing
distance. The lens opening on the camera is matched to the pupil
opening of the human observer. The observer then compares what
he sees looking directly at the low-light scene with what he sees on
the kinescope of the television system. If the information is the same,
the observer has the same quantum efficiency as that measured on
the photocathode of the camera tube. If the observer sees more or
less than the camera, the lens opening on the camera can be adjusted
until there is a match, and the quantum efficiency of the observer
calculated from the relative lens openings.

The profound virtue of this side by side comparison is that it
does not depend upon the visual exposure time or upon a proper
choice of threshold signal-to-noise ratio. These parameters, what-
ever their proper values, remain substantially the same for the
observer’s examination of the original scene as for the scene pre-
sented on the television screen. Hence, they cancel out in the com-
parison. Furthermore, the significant contribution that memory
can make to the effective exposure time can be expected to be
substantially the same for the two observations.

We emphasize this tool because it should now be readily
available to experimenters skilled in the visual process. Comparable
arrangements have been used both by the author and by others to
make informal estimates of the quantum efficiency at low lights. The
author®3 used a light-spot scanner (Fig. 2.6); Dr. J. E. Ruedy®®
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High-light brightness,

Picture Number of photons foot-lamberts
a 3% 103 107°
b 1.2 x 10% 4x10°°
c 9.3 x 10* 3x10°5
d 7.6 x 10° 2.5x 107
e 3.6 x 10° 1.2x1073
£ 2.8 x 10 9.5 1073

Fig. 2.6. Series of pictures used in evaluating the quantum efficiency of the

eye.“‘“"
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used an intensifier image orthicon, and Dr. G. T. Reynolds®2?
used a multistage image intensifier. All of these arrangements
delivered photon-noise-limited pictures and all of the informal
estimates of quantum efficiency were in the neighborhood of 109,
at low levels of illumination.

The series of pictures in Fig. 2.6 shows the maximum amount
of information that can be conveyed by various known numbers
of photons. Each photon is recorded as a discrete visible speck.
Only the statistical fluctuations, inherent in the recording of a
photon stream, limit the perceivable information. The numbers
of photons N refer to the total number of photons in the picture if
the picture were uniformly at its high-light brightness.

The luminance values assigned to the pictures were computed
with the assumption that the eye makes full use of one out of every
ten incident photons. The other parameters used to compute the
luminances are a storage time of 0.2 sec and a pupil diameter of
about 6 mm. In other words, if one replaced the subject by a white
card having the luminance indicated, computed the number of
photons entering the eye in 0.2 sec, and divided this number by 10,
the result would be the number of photons N associated with that
value of luminance. Accordingly, this series of pictures shows the
maximum amount of information that an actual observer can
perceive at each luminance if the quantum efficiency of his visual
process is 109, and his viewing distance from the life-size subject
is 4 ft.

2.6. A Comparison of Estimates of Quantum Efficiency

It has been known for a century or more that at the absolute
threshold of vision, a burst of some 100 photons incident on the
eye from a small source is just visible. This put a lower limit on the
quantum efficiency of about 19,. There followed, then, a series of
experiments by several groups of investigators to determine how
many of the 100 photons the eye actually used. If, for example, the
eye used all 100 photons, the transition from not seeing to seeing
would be quite sharp as the incident photon flux was increased
from below to above 100. If the eye used only a few photons, this
transition would be characteristically diffuse owing to the stochas-
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tic nature of photon emission. The sharpness of the transition, then,
is a measure of the number of photons used, and consequently of
the quantum efficiency of the eye.

The concept of the experiment had a certain simplicity and
elegance. Its execution led, unfortunately, to a wide range of esti-
mates for the number of photons actually used by the eye in forming
its threshold sensation.®B*H"-'V-) The spread extended from 2 to
50 photons and left the question of quantum efficiency correspond-
ingly diffuse. It is perhaps not surprising to an electronics engineer
or physicist that these observations had such varied results. The
measurements were taken near the absolute threshold of vision
where the noise of the photon stream could easily be contaminated
by extraneous sources of noise within the eye itself. For example, if
one applied the same type of measurement to a photomulitiplier
tube, the estimates of quantum efficiency would show a similar
divergence owing to the interference by noise from thermionic
emission from the photocathode or by sporadic electrical break-
down between electrodes. All of this would be true if the measure-
ments were made near the absolute threshold. If, on the other hand,
a measurement of signal-to-noise ratio is made at a light level, well
above the threshold, where the photon noise dominated the extra-
neous sources of noise, the procedure will lead to a reliable value
for quantum efficiency. It is for this reason that the writer has
stressed the greater reliability of measurements of visual quantum
efficiency made at light levels well above the absolute threshold
of vision.

R. Clark Jones" ! has analyzed the same data from which
we deduced the quantum efficiency curve of Fig. 2.5. His quantum
effiiciencies are generally about tenfold smaller than those of Fig. 2.5
and are based on a shorter integration time ( & 0.1 sec) and much
smaller value of k (1.2). Jones argued that since the observer had
only to make one choice out of a possible eight positions for the
test object, this value for k would yield 50 %, reliability. The argument
is, of course, numerically correct. The central question is whether,
indeed, the visual decisions of the observers were made in quite
this fashion. In terms of Fig. 1.4a, a k value of 1.2 would mean that
an observer could detect in which of eight possible areas an operator
had removed one or two photons. Simple inspection of Fig. 1.4a
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makes this appear highly unlikely. In any event, it is just this type
of question that emphasizes the need for a test procedure that
would avoid the ambiguities as to the proper value for k or for the
storage time. The side-by-side comparison of the performance of
the human eye with a photon-noise-limited electronic device,
described above, is such a procedure and merits further use by
experimenters.

The early estimates of H. De Vries®®? of the visual quantum
efficiencies were also based on a k value of unity and hence were
considerably lower than those of Fig. 2.5. De Vries, however, was
one of the first investigators to argue that photon noise could
account for the observed resolution and halftone discrimination
of the eye. He also, as has the writer, called attention to the fluctu-
ating, grainy appearance of low-light scenes as being evidence of
the granularity of light.

H. B. Barlow®-1) avoided most of the ambiguity in the choice of
k by making observations on two adjacent test spots of light. The
object was to decide which spot was brighter as their relative
intensities were varied. A statistical analysis of the results, on the
assumption that photon noise limited the ability to discriminate
brightness, led to values for visual quantum efficiences between
5 and 109 in the range of brightnesses up to 100 times above the
absolute threshold of seeing. Barlow also quotes Baumgardt®-2
and Hecht™# as each arriving at quantum efficiencies of about
7% from an analysis of the frequency-of-seeing curve near the
absolute threshold.

In summary, most investigators concur that the quantum
efficiency of the human eye is between 5 and 10 9 at light intensities
from the absolute threshold up to 100 times higher. This efficiency
is for wavelengths near the peak of the visual response curve
(blue-green) and refers to light incident on the cornea. If one assumes
that only half the light reaches the retina, the efficiency at the
retina would be 10-209%;. Since the estimates of the fraction of
light absorbed by the retina also lie in this range, one must conclude
that the efficiency of the eye is essentially 100 9, when referred to
the absorbed light. In brief, the eye is able to count each absorbed
photon.

The data in Fig. 2.5 add the further highly significant fact that



42 Chapter 2

in the range from the absolute threshold to 100 foot-lamberts, a
range of 10% in light intensity, the quantum efficiency decreases
by at most a factor of 10. Further investigations may reveal that
this factor is possibly no more than 2 or 3. We have, then, the
impressive fact that the eye maintains a high level of quantum
efficiency over a range of 10® in light intensity. We make use of
this conclusion below in interpreting the phenomenon of dark
adaptation and the appearance of visual noise.

2.7. Dark Adaptation

One of the most common and striking aspects of the visual
process is that of dark adaptation. When one enters a dark theater
from the glare of a city street, he finds himself virtually blind for
some seconds or minutes. As time goes on, he begins to see more and
more until after half an hour he is fully dark adapted. He is now
able to see objects more than a thousandfold darker than those he
could barely sense when he first entered the theater.

There is no doubt, on the face of the facts, that the “sensitivity”
of the observer has increased more than a thousandfold in the course
of dark adaptation. And, indeed, the scientific literature took its
cue from these observations to look for a mechanism or a chemical
model that would account for these wide swings in sensitivity.
Hecht,™-2) for example, put great emphasis on a reversible bleaching
of the sensitive material, visual purple, in the retina. He argued that
the visual purple was fully intact at low lights and thus had its
maximum absorption. At high light levels, the visual purple was
progressively bleached so that it absorbed less and less of the
incident light. The long time required for dark adaptation was
viewed as the time required to regenerate the high density of visual
purple. In this way the eye regained its sensitivity.

In contrast to these arguments, the noise analysis® > of the
sensitivity of the eye showed that its intrinsic sensitivity could not
change by more than a factor of 10 in going from a dark surround
to a bright surround. The virtue of the noise analysis was that its
conclusions were independent of the particular physical or chemical
models for the visual process itself. The sensitivity was measured
on an absolute scale whose only postulates were the quantum nature
of light and the random character of photon distributions.
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How then to account for the thousandfold or greater improve-
ment in the ability to see during the course of dark adaptation?
The form in which the answer must be couched was already familiar
in such instruments as radio or television receivers. It was common,
for example, to tune a radio or television dial from a strong to a
weak station and find the sound at an almost inaudible level. The
listener then reached for the volume control knob and brought
the sound level of the weak station up to a comfortable level. What
is significant in this series of operations is that the sensitivity of the
radio receiver remained constant both in tuning from a strong to a
weak station and in “turning up the volume.” The sensitivity was
already fixed by the electronic properties of the antenna and the
first tube of the amplifier. The process of “turning up the volume”
did not alter the sensitivity of the receiver, but only the level of
presentation to the listener. To the extent that there was some time
delay in resetting the volume, the entire operation of tuning from a
strong to weak station was a complete parallel of the time-con-
suming process of visual dark adaptation.

The minutes required for dark adaptation are minutes during
which the gain of the amplifier is being chemically raised to an
appropriate presentation level. The intrinsic sensitivity of the eye
remains substantially constant during the period of dark adapta-
tion. There is little choice but to conclude that the visual process
involves a high degree of amplification between the retina and the
brain and that the gain of the amplifier is variable. At high lights the
gain is small, at low lights it is large.

2.8. Automatic Gain Control

The necessity for an automatic gain control in the visual process
was deduced in the previous section from the large changes in
apparent sensitivity encountered during dark adaptation and the
relative constancy of intrinsic sensitivity derived from the noise
analysis of visual data.

The necessity for a high gain mechanism and for its variability
could just as well have been deduced from other more direct
evidence in the literature. The energy in a nerve pulse is known to
be many orders of magnitude larger than that of the few photons
required at the absolute threshold to trigger the nerve pulse. A
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correspondingly high gain mechanism is therefore needed imme-
diately at the retina to generate nerve pulses. It has also been known
from the early work of Hartline® ! in electrical recording of
optic nerve pulses in the king crab that the rate of generating nerve
pulses increases only logarithmically rather than linearly with
increasing light intensity. This means that the gain is lower at high
light intensities than at low light intensities.

While an accurate value for the energy in a nerve pulse is not
known, an approximate value can be estimated on the assumption
that the stored energy of the pulse is 0.1 volt across 10~° farad,
the capacitance across 1 cm of outer sheath of nerve fiber. The
electrical energy is then 10 % erg and of the order of 10® times
larger than the energy of a photon in the visible spectrum. The
estimate of the energy in a nerve pulse could be in error by several
orders of magnitude without altering the major conclusion that
an extremely high gain process is needed immediately at the
retina before the energy of a few photons can give rise to a nerve
pulse.

The progressive reduction in gain as the light intensity is
increased is strikingly evident in Hartline’s data showing the slow
logarithmic increase in frequency of nerve pulses with increasing
light intensity. In particular, the ratio of frequencies is only 10 for a
ratio of light intensities of 10*. This means a reduction in gain
of 10°.

While the particular chemistry of the gain process is not known,
there is little choice but to expect some form of catalytic action. A
photon absorbed by a molecule of sensitive material (rhodopsin)
causes a configurational change in the molecule. The ensuing steps
whereby the excited rhodopsin catalyzes some ambient biochemical
material have yet to be unraveled. However, it is reasonable to
expect that the catalytic gain would decrease as the intensity of
light or number of excited molecules increased simply because
the amount of material to be catalyzed per excited molecule must
decrease. Further, it would be expected that the rate of exhaustion
of catalyzable material (light adaptation) would be fast compared
with its rate of regeneration (dark adaptation). Hence, the common
observation that light adaptation occupies only a fraction of a
second while dark adaptation may take as long as thirty minutes.
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2.9. Visual Noise

If, as we have continued to emphasize, our visual information
is limited by random fluctuations in the pattern of incident photons,
surely these fluctuations must be visible. Yet this is not the common
experience, at least not at normal levels of illumination. We can
only conclude that at each light level the gain is delicately adjusted
to make the photon noise barely detectable or barely undetectable.
If the gain were set higher than this level, the noise would be promi-
nent and annoying without yielding further information. If the
gain were set lower than this level, there would be a loss of informa-
tion. The familiar parallel is (or should be) the adjustment of the
gain control knob on a television receiver so that the noise is at
the threshold of visibility.

While photon noise is not readily apparent at normal ambient
light levels, the writer is quite convinced from his own observations
that, at levels around 107°-10"* foot-lambert, a uniformly lit
wall takes on the same fluctuating grainy appearance that one sees
in a noisy television picture. Moreover, the visibility of this noise is
a strong function of the state of excitement of the observer. A
convenient time and place for observation is that just before falling
asleep. If, in the course of these observations, a stray sound occurs
in the house, portending an unexpected and unwelcome visitor,
the flow of adrenalin is momentarily enhanced and, at the same
time, a marked increase in the visibility of noise takes place. It
is easy to speculate that the mechanisms for self-preservation under
these conditions cause the gain of the visual process (indeed the
amplitude of all of the sense inputs) to be raised to the level that all
of the information is surely being apprehended and, thereby, to
the level that the noise is readily apparent.

All of these observations are, of course, necessarily subjective.
De Vries is one of the few observers, in addition to the writer, who
has hazarded his comparable observations in print. However,
many of the writer’s colleagues have informally reported similar
experiences.

The noise patterns described above are clearly to be associated
with the incoming stream of photons since they are absent in those
parts of the scene that are “completely black.” The presence of
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some areas of light in the scene is sufficient to define a setting of
the gain control such that other much darker areas appear totally
black.

If, on the other hand, one is immersed in a completely dark
room or if the observer’s eyes are completely shielded, the visual
impression is not that of a uniformly black field. Rather, one sees a
series of faint, shifting, gray patterns already frequently reported
in the early literature under the name of “eigenlicht,” that is,
something generated within the visual system. Again, one is tempted
to rationalize these observations by saying that since there is no
real light pattern to guide the setting of the gain control, the latter
is set as high as possible in a search for objective visual information.
This high setting is sufficient to reveal the system noise itself which
may arise from thermal excitation processes at the retina or may
be generated any place in the higher reaches of the nervous system.

A final speculative note concerns the enhanced visual sensations
that are reported to accompany various hallucinatory drugs. It
would appear highly likely that these drugs produce their effects by
increasing the magnitude of gain of the high-gain amplifier located
in the retina itself. As we have already noted, a tense or appre-
hensive emotional state produces a large increase in the amplifi-
cation.

2.10. Afterimages

The existence of a gain control mechanism at the retina offers
an obvious explanation for the variety of observations in which
one looks at a bright object and then shifts his gaze to a neutral
gray wall. A transient complementary image is seen. For example,
a bright black and white scene will yield a transient photographic
negative of the original. A bright red object will yield its comple-
mentary color, green. In each case, the gain in that part of the retina
on which the bright pattern falls has been reduced so that when
the retina is exposed to a uniform gray surface, those previously
bright areas are transmitted at a lower signal level and appear
darker than the surround. The green afterimage of a bright red
object shows that the gain mechanism is not only locally variable
on different areas of the retina, it can also be set independently
for the three color channels at the same area. In this case the red
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gain was momentarily reduced to reveal the complementary-
color image on the neutral gray wall.

It is worth noting that afterimages are not necessarily always
negative. If one shields his eyes while facing a bright window,
momentarily exposes his eyes to the window, much like a photo-
graphic shutter, and is careful to completely shield them again, the
afterimage may persist for seconds or even minutes and (at least
at the beginning) is clearly a positive afterimage. The positive
afterimage is a natural expectation based on the finite decay time
for any photoexcitation process in a solid. Since the eye is known
to store light signals for 0.1 or 0.2 sec, the mean life of its photo-
excitation must also be 0.1 or 0.2 sec and must decay over a period
of seconds to progressively lower levels which remain visible
since the gain continues to increase after the eyes have been shielded.
If, during the observation of the positive afterimage, a small amount
of stray light is admitted, the afterimage is converted immediately
to a negative afterimage for the reasons cited in the previous
paragraph. One can go back and forth between positive and
negative afterimages as the stray light is either excluded or admitted.

One type of afterimage may have decorated the English
language by way of the phrase “going like a blue streak.” If one
looks at the end of a lighted cigarette in a dark room and moves
the cigarette in a circle, the lighted end will be perceived as a
finite streak of light owing to the persistence of vision or positive
afterimage. Meantime, the cometlike pattern will be deep red
at its head and bluish at its tail. The blue components apparently
persist longer than the red components of the cigarette’s light.
These observations run parallel with the observation that a reddish-
colored wall will take on a blue cast as the brightness is reduced
below about 1073 foot-lambert. Both sets of observations can
be understood if one assumes that the gain control for blueis capable
of higher values than that for red and thereby permits the blue
sensation to be perceived at lower levels of retinal excitation than
red.

2.11. Visibility of High-Energy Radiations

The initiation of a visual sensation is an electronic excitation
in a molecule. One would expect, therefore, an energy threshold
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but, also, one would expect in general that higher-energy radia-
tions would continue to excite the electronic transition and remain
visible. It is true that, if the visual excitation is a sharp resonance
between two electronic energy levels, the higher-energy photons
would not be efficient in exciting the transition. High-energy
electrons or ions, on the other hand, can excite a broad range
of transitions and should be visible since they leave dense trails
of excitations and ionizations in their paths. In an earlier discus-
sion of the visibility of high-energy radiation,®->) the writer ex-
pressed some surprise that no one had yet reported the direct
visual observation of cosmic rays.

There is now evidence for the visibility of a wide range of
high-energy radiations. First of all, it has been known for some
time that the cutoff in the ultraviolet was a result of absorption
by the cornea. Those who have had corneal operations which
either removed the cornea or replaced it with a more transparent
medium can, indeed, see ultraviolet radiation.

The visibility of x-ray radiation had numerous confirmations
in the early days of x-rays. The literature in this area abruptly
ceased when the damaging effects of x-rays became known. There
was an ambiguity in these early observations as to whether the
x-rays excited the retina directly or indirectly via generating
fluorescence in the vitreous humor. Some more recent experiments
under controlled conditions point to direct excitation of the
retina as evidenced by the perception of sharp shadows of opaque
objects.®4

The visibility of cosmic rays has now had strong support
from the recent reports of astronauts who saw streaks and flashes
of light when their cabin was darkened.™-!) There remains the
same ambiguity concerning a choice between direct excitation
of the retina or the generation of Cerenkov radiation in the vitreous
humor. In view of the dense trail of excitations caused by cosmic
rays in any solid, it would be surprising if they did not succeed
in directly exciting the retina.

2.12. Vision and Evolution

The ability of living cells to count photons or, at least, to
make every photon count was developed early in the history of
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plant life. The quantum efficiency of photosynthesis for red light
is estimated to be about 30%.4"" In photosynthesis the energy
ofthe photonsis used directly to promote certain chemical reactions.
It is not amplified. The plant feeds on light but does not, except
for heliotropic effects and the synchronization of biological clocks,
use it for information.

The utilization of light for information means that a highly
sophisticated amplifier must be constructed immediately at the
receptor in order to convert the miniscule energy of photons into
the considerably higher energy of nerve pulses. Only in this way
can the eye inform the muscles or the brain. Such an amplifier
must have made its appearance early in the development of animal
life since many primitive animals have their habitat in the dark
recesses of the world. Hence, the art of counting photons was
mastered long before man made his appearance.

The counting of photons was certainly an essential triumph
of the evolutionary process. It was also the most sophisticated
step in the development of a visual system. It was essential for
survival to ensure that all of the available information could be
recorded. Once having this assurance, the adaptation of the visual
system to the particular needs of the animal would seem to be an
easier and a secondary feat.

The adaptations have taken on a great variety of forms.
Most of them appear to have obvious reasons. We cite here a
random selection of examples only to confirm the close connection
between the optical parameters and the life habits of the animal.

The retinal structure of diurnal birds like the hawk®-% is
several times finer than that of nocturnal animals like the lemur.
Clearly, the high-flying hawk in midday has ample brightness to
warrant a finer visual resolution and the correspondingly finer re-
tinal structure. Moreover, the hawk can profit from the enhanced
visual detail in his search for a vagrant field mouse. The lemur,
on the other hand, in his nocturnal habitat is exposed to such a
low level of illumination that the photon-noise-limited quality
of his visual images is already coarse-grained and merits no more
than a coarse-grained retinal structure. In fact, the paucity of
light makes it profitable to have a large aperture, f/1.0 lens, even
though the lens must be optically of poor quality (Fig. 2.7).

The spectral response of the human eye is closely matched
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Fig. 2.7. Outline of the lemur eye.

to the peak of the sun’s radiation (5500 A) in daylight. In twilight,
the peak of the eye sensitivity shifts toward 5100 A to match the
bluish quality of the light scattered from the sky after the sun has set.
One might expect that the eye sensitivity would extend into the
red region at least to the point where thermal excitations in the
retina would begin to compete with the incoming ambient photons.
For example, at the absolute threshold for vision, 10~% foot-
lambert, the spectral sensitivity of the eye could be extended to
about 1.4 um before such competition would become significant.
It is not clear, therefore, why the eye actually cuts off at 0.7 um
unless the availability of suitable biological materials imposed
some constraint.

The storage time of the eye, 0.2 sec, is well matched to the
response time, neural, and muscular, of the entire human system.
A test of this match is that specially designed television systems
with response times of a half second or more become noticeably
awkward and frustrating to operate. It is possible that birds have
a shorter visual storage time to match their obviously livelier
pattern of behavior. Some tangential evidence in this direction
comes from certain patterns or series of notes in bird songs which
are emitted so rapidly as to sound like chords to the human ear.

There is a close match between the diameter of the rods and
cones of the human eye and the diameter of the diffraction disc when
the pupil opening is closed down to its smallest diameter of about
2 mm at high light intensities. Various animals have noncircular,
slitlike pupils oriented in the vertical direction (e.g., snakes, alli-
gators) or in the horizontal direction (e.g., goats, horses). A vertical
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slit would yield high definition for vertical lines as limited by lens
aberrations and high definition for horizontal lines as limited
by diffraction effects. There is ample room for trying to assemble
a convincing account of the fitness of these optical parameters
to the life habits of the particular animals.

The visual system of the frogis a striking example of adaptation
to life habits. The organization of its neural connections is designed
to emphasize the movements of delectable (to the frog) flies and
to ignore extraneous visual information. Even in the human
system we notice a somewhat enhanced sensitivity to flickering
lights in our peripheral vision, which clearly can be interpreted
as a sentinal system for alerting us to impending danger.

We close this discussion on a somewhat homey note. On
the one hand, we have emphasized the close approach of the human
eye to the limits imposed by the quantum nature of light. On the
other hand, we recognize such phrases in our culture as “to see
like a cat” which suggest that the visual sensitivity of the house
cat in its nocturnal excursions must significantly exceed our own.
It is not altogether unreasonable to reconcile these two statements
by noting that if we chose to walk around at night on all fours,
we would have the same apparent facility to negotiate obstacles
as does the cat.

2.13. Summary

The quantum efficiency of the eye ranges from about 109/
at low lights to a few percent at high lights. The total visual range
extends from 1077 foot-lambert at the absolute threshold to
10* foot-lambert in full sunlight.

A biochemical amplifier with a gain, probably in excess of
10°, exists at the retina in order to convert the minute energy of
the incident photons into the considerably higher energy of the
optic nerve pulses. The gain of the amplifier is variable and decreases
toward high light levels. The variability of the gain accounts for
the phenomenon of dark adaptation and a number of afterimage
effects.

The visual systems of human and animal species show strong
evidence of evolutionary origin and adaptation.
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CHAPTER 3

TELEVISION CAMERA
TUBES

3.1. Introduction

At the outset, we recognize an obvious difference between
the human visual process and the equivalent electronic camera
tube. In the retina, all of the elements transmit their optical infor-
mation simultaneously to the brain. In the camera tube, the ele-
ments are scanned serially at a rate sufficiently high that they
appear to the eye to be simultaneous. The camera tube could,
in principle, be designed to have all of its picture elements transmit
their information simultaneously to the receiver. The resulting
system would be cumbersome compared with the conventional
scanning systems. There is, however, no fundamental difference
in sensitivity to be expected between a simultaneous and a proper-
ly designed sequentially scanned system. The scanning process
only imposes its own set of technical problems without fundamen-
tally limiting the performance of the system.

The early television camera tubes around 1930 operated
best in the midday sun. Recent camera tubes can function com-
fortably in full moonlight. This is a span of some 10° in scene
brightness as well as in camera sensitivity. In fact, the ratio cor-
responds well with the ratio to be expected from ideal photon-
noise-limited operation with and without full electrical storage
of the light signals. The early Farnsworth dissector tube, for
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example, sampled the incoming light only during the time of one
picture element. For a picture having 10° picture elements, this
meant that the light was sampled only 1073 of the full time. Mod-
ern camera tubes accumulate the information from all of the
light all of the time and hence have a sampling ratio of unity com-
pared with the 1077 of the early dissector-type tubes.

The series of camera tubes is reviewed in this chapter with
emphasis on the progression of fundamental advances leading to
the modern full-storage, photon-counting camera tubes.

3.2. Scanning Discs and Dissector Tubes

One of the earliest systems (Fig. 3.1) for television consisted
of a lens which focused the scene to be transmitted on the surface
of a spinning disc. The disc had a pattern of holes so arranged

LIGHT SENSITIVE

— e ELEMENT
T s

0 D
e NIPKOW DISK

Fig. 3.1. Nipkow disc.
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that the scene was scanned in a series of horizontal lines. The
light passing through a hole was focused on a photocell whose
current was then proportional to the brightness of successive
picture elements. The current from the photocell was amplified
and transmitted by wire or radio link to a receiver where it modu-
lated the brightness of a lamp. Various mechanical arrangements
were used to cause the image of the lamp to scan a screen in syn-
chronism with the hole in the initial scanning disc. In this way the
original scene was reconstructed and the principle of a television
system was demonstrated.

The sensitivity of this system was constrained to be at best
only a small fraction of the sensitivity of a full-storage system. The
dissector, at any one time, transmitted the information passing
through one of the small holes and discarded the remainder. The
size of the hole defined the size of a picture element. Hence, for a
picture having 10° picture elements only a fraction, 10~ >, of the
light was being used at any time.

Farnsworth®1) developed a sophisticated version (Fig. 3.2)
of the dissector by electrically scanning an electronic image, of
the scene to be transmitted, across a small aperture. Behind the
aperture, the collected electrons were fed into an electron multi-
plier. The electrical scanning made it relatively easy to achieve
a high-resolution scanning system. The electron multiplier insured

Fig. 3.2. Dissector tube.
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that the only limiting noise would be that of the photoelectrons
emitted by the photocathode on which the image was focused. If
we designate the quantum efficiency of the photocathode by 0. the
quantum efficiency of the dissector system is /N, where N is the
number of picture elements in a single picture.

A dissector tube operating in broad daylight (~10* foot-
lamberts) with an f/2 lens and a photocathode quantum efficiency
of 10% should provide the eye with a picture whose signal-to-
noise ratio at 400 lines and 0.2 sec integration time is approximate-
ly 100. This is a good quality picture.

3.3. Iconoscope

A major advance in principle of operation was introduced by
Zworykin®~ 1 in the form of the iconoscope (Fig. 3.3). Here, the
image was focused on a photoemissive insulating surface or target
so that, nominally, all of the light was being sensed all of the time.
A fine electron beam was used to scan the target. The beam struck
the target at about 1000 volts and liberated a low-energy spray of

Fig. 3.3. Iconoscope.
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secondary electrons. The escape of these low-energy secondary
electrons was modulated by the electrical potentials built up at
each picture element by the image light. The modulated current
to the target was then sensed by a metal electrode (signal plate)
and passed on to the first stage of an amplifier as a video signal.

The simple addition of storage to the nonstorage dissector
tube should have increased its sensitivity some 10°-fold and
yielded essentially the ideal television camera tube. The iconoscope,
however, realized an improvement in sensitivity over the dissector
tube of only a factor of about 10. The major reason for not achieving
the 10°-fold increase was that the video signal was amplified by
a conventional vacuum triode rather than by an electron multi-
plier. The vacuum triode introduced its own noise level which was
100-1000 times larger than the noise associated with the signal
current in a multiplier tube. Moreover, the amplifier noise was a
constant, independent of signal level, whereas the noise currents
in the multiplier decreased as the signal decreased.

The iconoscope had other shortcomings which further limited
its useful sensitivity. The collection of photoelectrons was inef-
ficient and the redistribution of secondary electrons from the beam
over the target led to a further inefficiency of converting the stored
video charge into a video signal. This redistribution also brought
in a serious shading signal which was present even in the dark,
and tended to obscure the low-light portions of a picture.

In one sense, it was remarkable that the inocoscope functioned
even as well as it did. One would normally expect the scanning
beam to discharge the photoelectrically charged elements of the
ltarget by depositing charge of the opposite sign. But in the icono-
scope, both the light and the beam charged the target positively. It
was only by a complex process of redistribution of the secondary
emission from the scanning beam over the remainder of the target
that a video signal could be generated at all. This redistribution
brought with it an uneven background shading, inefficient dis-
charge, and a spurious interdependence of the signal from dif-
ferent parts of the scene.

Nevertheless, it was the iconoscope that allowed the industrial
community to think and plan seriously for the inauguration of a
television system.
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Fig. 3.4. Image iconoscope.

3.4. Image Iconoscope

In the iconoscope, the scene to be transmitted was focused on a
a photoemissive, insulating target. In the image iconoscope!!
(Fig. 3.4), the scene is focused on a semitransparent conducting
photocathode, and the photoelectrons are then focused on the
insulating target. The use of the image section increased the sensi-
tivity of the iconoscope by at least a factor of 10. The photocathode
could be processed to have a higher sensitivity than the insulator
surface. Further, the charge pattern, formed when the electron
image struck the target, was enhanced severalfold by secondary
emission.

The English counterpart of the image iconoscope, the super
emitron, found widespread use in Europe and England for over a
decade. In the end, the spurious shading patterns were probably
its most serious fault.

3.5. Orthicon

The orthicon®¥ (Fig. 3.5) introduced the principle of low-
velocity beam scanning which has come to be used in almost all
subsequent camera tubes. In the dark, the electron beam charges
the target surface to the potential of the cathode of the electron
gun. The beam approaches the target at close to zero velocity,
turns around at the target surface, and returns toward the electron
gun. In this way the target is charged uniformly to zero volts
(cathode potential), there are no shading signals in the dark, the
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photoelectrons are efficiently collected, and there is no interaction
between different parts of the picture. The beam simply deposits
a negative charge at each picture element equal to the positive
photocharge accumulated during the previous scanning period.
The negative charge is capacitively sensed by the signal plate
and fed into the first stage of an amplifier.

The sensitivity of the orthicon was at least a factor of 10
higher than that of the iconoscope. This factor could be signifi-
cantly larger depending upon how much importance was attached
to the spurious shading signals in the iconoscope.

The scanning arrangement shown in Fig. 3.5 is the one used
in the earliest orthicons. For the vertical deflection, a longitudinal
magnetic field is warped by the transverse field of a pair of deflec-
tion coils so that the magnetic line starting from the gun is swept
across the target. The electron beam follows the magnetic lines
to a first approximation both going to and coming from the target.
Second-order effects arise from the local helical motion of the
electrons and from the centrifugal force on the electron as it fol-
lows a kink in the magnetic field pattern.

The horizontal scanning was carried out by a pair of elec-
trostatic plates, immersed in the magnetic field, deflecting the
beam normal to both the electric and magnetic fields. Deflection
can also be accomplished by short deflection coils or plates in the
absence of an axial magnetic field. An electrostatic lens is then
needed near the target to bend the scanning beam so that it always
approaches the target normal to the plane of the target. Later
orthicons used magnetic deflection for both the vertical and
horizontal as in the vidicon.

The CPS emitron was an orthicon with the photosensitive
material evaporated on the target through a fine mesh screen.
This arrangement led to improved stability of the target at cath-
ode potential even in the face of bright flash bulbs.

3.6. Image Orthicon

The image orthicon®* (Fig. 3.6) exceeded the sensitivity
of the orthicon by a factor of 100 or more and brought the sensi-
tivity of camera tubes close to that of photon-noise-limited per-



Television Camera Tubes 63

Fig. 3.6. Image orthicon.

formance, at least over a finite range of light intensities. The in-
trinsic sensitivity (quantum efficiency) of the image orthicon was a
close match to that of the human eye over most of the camera
tube’s operating range.

The scene to be transmitted in the image orthicon was focused
on a semitransparent conducting photocathode rather than on a
photosensitive insulating target as in the orthicon. The electron
image was then focused onto one side of a two-sided target. The
two-sided target was a sheet of common window glass (or lime
glass) stretched taut on a metal frame by surface tension. The
sheet was only a few microns thick. The ionic conductivity of the
glass* was 107! (ohm-cm)~! and sufficient to allow charges on
opposite faces to neutralize each other by conduction in less than
a tenth of a second. The glass was thin enough that a charge pat-
tern did not lose its sharp edges by sidewise spreading in less
than a second. It was also thin enough that the charge pattern on
the image side of the glass appeared just as sharp to the beam as it
would have appeared on the scanned surface as in the orthicon.

The scanning beam in the image orthicon was brought back
to an electron multiplier surrounding the gun. Under normal
operating conditions, the beam current was comparable with the

* This is one of the rare examples of the successful use of ionic conductivity in an
electronic device.
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photocurrent leaving the photocathode and was modulated by
the charges on the target to a depth of about 509%,. Hence, the
signal-to-noise ratio of the video signal emerging from the electron
multiplier was comparable with the signal-to-noise ratio of the
photoelectron current leaving the photocathode. In brief, this
part of the tube operated close to the photon-noise-limited values
of those photons that gave rise to photoemission.

The electron image section represented a tenfold increase in
sensitivity over the insulator target surface of the orthicon. The
electron multiplier for the scanning beam improved the signal-to-
noise ratio by a factor of 10 at normal light levels and by a factor
of about 100 at light levels near that of full moonlight. These two
features accounted for the gain in sensitivity of 100-1000. Figure
3.7a shows the setup for comparing sensitivities of the image
orthicon and 35-mm super XX film; Fig. 3.7b shows their compar-
ative performances down to brightness levels approximating
full moonlight. Figure 3.8 shows the first television picture trans-
mitted under actual full moonlight.

A major limitation in sensitivity in the image orthicon arises
from the fact that the full-beam current and its attendant shot
noise enters the multiplier in the dark areas of the picture. In a

PICTURE
KINESCOPE —__| TRANSMITTED ORIGINAL
BY IMAGE SUBJECT
ORTHICON

35mM cAMERA WITH —__ [~ (% Y
SUPER XX FILM / IMAGE ORTHICON
AND f/2 LENS LIGHT «+— CAMERA
EXPOSURE TIME 1/30 SEC SOURCE WITH /2 LENS

Fig. 3.7a. Setup for comparing sensitivities of the image orthicon and 35-mm
super XX film.
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Fig. 3.7b. Comparison of sensitivities of image orthicon and 35-mm super XX
film (incandescent light source).

properly designed camera tube, the noise should approach zero
as the video signal approaches zero. Two paths were followed to
overcome this limitation. One was an attempt to invert the modu-
lation pattern of the beam in the image orthicon. The second
comprised a variety of tubes in which the charge pattern of the
electron image section was multiplied so that the noise of the
stored charge pattern exceeded the noise in the scanning beam
and, in more recent examples, also exceeded the noise in conven-
tional television amplifiers.

3.7. Image Isocon

The image isoconV-!) (Fig. 3.9) succeeded, to a significant
extent, in inverting the modulation pattern of the image orthicon.
In the image orthicon the full beam enters the electron multiplier
in the dark. In the image isocon, the beam is largely diverted from
entering the multiplier in the dark. In the lighted areas, however,
an increasing fraction of the beam enters the multiplier.

The inversion of the modulation pattern was accomplished
by an ingenious electron-optical arrangement which distinguish-
ed between electrons reflected from the target in the dark areas and



Chapter 3

Fig. 3.8. First picture recorded by television in full moonlight. The picture of
R.D. Kell was recorded in 1944 on the roof of RCA Laboratories using an early
model of an image orthicon camera. The original print from which this copy was
made is in the archives of the Niels Bohr Library of the American Institute of

Physics.
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those scattered from the target in the lighted areas. The reflected
electrons remained well focused and returned to a well-defined
small spot which was deflected just off the entrance aperture to
the multiplier. The electrons scattered back from the lighted
areas returned in a diffuse pattern surrounding the finely focused
reflected electrons. In this way, about half the scattered electrons
entered the multiplier.

The discrimination between reflected and scattered electrons
was not complete but it was sufficient to reduce the noise currents
in the dark areas by factors of 2 or 3 compared with the noise
currents in the high light areas. The isocon made a significant
improvement in the sensitivity, noise properties, and low light
level performance of the image orthicon.

The isocon principle has been applied to storage-type tubes in
which the beam was modulated (deflected) by the potential pat-
tern on the target but did not discharge the pattern. In this way, a
charge pattern could be read off for seconds or minutes. The isocon
principle has been used, also, in the vidicon type tubes described
below.

3.8. Intensifier Image Orthicon

An early realization ™1 of the second method of overcoming
the noise limitations of the scanning beam, by multiplying the
electron image until its noise exceeded the noise of the scanning
beam, was accomplished by attaching an image intensifier to an
image orthicon as shown in Fig. 3.10. An electron from the first
photocathode on the left struck the first fluorescent screen at 10
kilovolts and produced several hundred photons which in turn
liberated some tens of electrons from the second photocathode
located adjacent to the fluorescent screen. In this way, a two-stage
intensifier tube multiplied the initial photocathode current by over a
hundredfold relative to the image orthicon by itself. The intensifier
image orthicon was able to extend the performance of the image
orthicon down to light intensities on the photocathode less than
10~ 8 foot-candle. By comparison, the human eye cuts off at light
intensities on its retina of about 10~ 7 foot-candle.
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The picture transmitted by the intensifier orthicon was
clearly photon-noise limited appropriate to a photocathode
quantum efficiency of 10%,. The gain in the two-stage intensifier
section was, however, still not sufficient to see the trace of single
photoelectrons.

3.9. Bombardment-Induced Conductivity

A number of investigators have shown that the conductivity
of a thin insulating film could be considerably enhanced by bom-
barding it with high-velocity electrons whose energy was sufficient
to penetrate the film. In fact, the current through the insulating
film can easily exceed by a hundred or more times the bombarding
current. An early demonstration of this type of multiplication was
published by Pensak®! P2 using a 10 kilovolt writing beam
and a 1 kilovolt reading beam. He was able to show hundredfold
gains both for targets in which the high-energy beam penetrated
the full target thickness and for amorphous selenium where the
penetration was only a small fraction of the target thickness.
(The latter phenomenon had already been demonstrated by
Weimer™-2) for strongly absorbed light in the selenium vidicon).
A similar arrangement with similar results using a lead oxide
target was reported® ) by Philips at the 1965 London Conference
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FACE PLATE
y X [ FOCUSING ]
HIGH VELOGITY HEETE
ELECTRON IMAGER BEAN
71
)
PHOTOCATHODE SIGNAL | -
-20KV
i ~+20 VOLTS

Fig. 3.11. Image orthicon format using bombardment-induced-conductivity
target.
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on Photoelectronic Imaging. One form of target that reached the
level of commercial acceptance was developed by Westinghouse.
The tube was known as an SEC (secondary-emission conductivity)
tube!®!) and used a target of porous alkali-halide material.
The high-energy image electrons produced secondary electrons
in the target both in the volume of the alkali halide material and
in the pores themselves. The target was operated at relatively low
voltages to emphasize the latter contribution. Gains in the order
of 100 were achieved.

Finally, the most recent and successful of this class of tubes
has been the silicon intensifier tube,®-! in which the target is a
thin slab of silicon about 15 um thick. The scanned surface has
an array of back-biased p-n junctions. The image side of the
target is fieldfree n-type silicon. The electron-hole pairs, generated
by the electrons from the photocathode, diffuse from the fieldfree
image surface to the p—n junctions at the scanned surface where
they are split by the junction field so that the holes reach the
scanned surface. With 10 kilovolts on the photocathode, the
primary photocurrent generates a thousandfold enhanced current
in the target.

A further 30-fold enhancement is achieved by the I-SIT
(Intensifier—Silicon Intensifier Target) camera tube, in which the
SIT tube is coupled by fiber optics to a one-stage image inten-
sifier tube.

The net effect in all of these bombardment-induced-conduc-
tivity arrangements is to extend the operating range of the image
orthicon to lower light levels. Note that the intrinsic sensitivity
of all these tubes, including the image orthicon and image inten-
sifier orthicon is the same, namely, the quantum efficiency of the
photocathode, about 10%,. They differ primarily in how far their
range of operation extends toward low light levels.

The intrinsic quantum efficiency of 10 %, matches that of the
human eye and, accordingly, would reproduce but not exceed the
performance of the eye at low light levels providing the lens
opening of the camera tube did not exceed the 8-mm pupil opening
of the dark-adapted eye. Since it is normal practice to use lenses
with diameters of an inch or two, camera tubes surpass the human
eye by the ratio of their respective lens areas, namely, by factors
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of 10 or more. In principle, this difference in performance should
vanish if the human observer used night glasses with their cor-
respondingly larger lens openings.

3.10. Vidicons

All of the camera tubes discussed thus far make use of external
photoemission for which the quantum efficiency has not exceeded
about 10%,. A parallel effort®?’ was initiated around 1948 to
make use of photoconductivity for which a quantum efficiency of
1009, could be readily expected. This effort led to the class of
tubes known as the vidicon'V™* (Fig. 3.12). The scanning ar-
rangement is the same as that used for the orthicon, namely, a
low-velocity scanning beam focused and deflected in a uniform
magnetic field. The target in the vidicon is a photoconductive
rather than a photoemissive insulator. In either case, the effect
of light is to generate positive charges on the scanned surface
which are discharged by the scanning beam.

The initial effort yielded the two fundamental types of targets,
those having ohmic contact to the signal plate, as exemplified by
the photoconductor Sb,S;, -2 and those having blocking contact
to the signal plate, as exemplified by amorphous selenium.V-3
Both types have close to 100% quantum efficiency. The blocking
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contact leads to unity gamma (signal proportional to light intensity),
to vanishingly small dark currents, and to fast response times. The
ohmic contact makes possible gammas that are less than unity
(signal proportional to a power of the light intensity less than
unity). The ohmic contact, however, requires dark currents of the
same magnitude as the video signal if quantum efficiencies near
100% are to be realized. Also, the tubes with ohmic contacts tend to
have longer response times than those with blocking contacts.
The reasons for these statements will be discussed below in the
chapter on photoconductors.

For the present purposes we note only that a number of
materials have been found to behave like the amorphous selenium,
that is, like materials with good blocking contacts. These include
lead oxide,™ ! cadmium sulfide,**? gallium phosphide,®-* cad-
mium selenide, =252 and p—n junctions in silicon.“"2) All of these
materials have close to 100% quantum efficiency for strongly
absorbed light. Lead oxide, as in the plumbicon, is currently the
most widely used material for color cameras.

By virtue of the high quantum efficiency of the photoconduc-
tor, the vidicons are normally used without an electron multiplier
on the return beam. The signal is normally taken out at the target.
This leads to greater freedom from spurious signals such as shad-
ing introduced by the electron multiplier. The noise of the amplifier
connected to the target, however, is some 10 or more times that in
the return beam and, hence, reduces the sensitivity correspond-
ingly.

Multipliers have been used on vidicons for special purposes,
to achieve either higher sensitivity or, by virtue of the smaller
beam currents, higher resolution (see Chapter 5, reference S-1).
The multiplier can, of course, be either of the image orthicon
type or image isocon type.

Also, as was described in the previous section, an electron-
image arrangement can precede the target so that bombardment-
induced conductivity can enhance the target current by as much
as a thousandfold. In the case of the silicon intensifier tube, photon-
noise-limited performance can be obtained down to light levels
below starlight, that is, below 10~ ° foot-lambert. The quantum
efficiency is then limited by the photocathode to about 109;.
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A perfect low-light camera tube would be achieved if, in the
vidicon target, the photoexcited carriers could be made to gener-
ate, by impact ionization under high fields, some thousands of
secondary electrons. Under these conditions, single photons
would be detectable using an electron multiplier on the return
beam. The tube would then have 1009, quantum efficiency and
be able to operate at arbitrarily low light levels. While multiplica-
tion by impact ionization is in principle possible and has been
observed in some semiconductors, it is extremely difficult to
achieve under control for the higher-bandgap materials (i.e.,
insulators) used in the vidicon. This problem will be discussed
further in Chapter 9.

3.11. Solid-State Self-Scanned Arrays

In all of the camera tubes discussed thus far, an electron
beam is used to scan a charge pattern on a target. This means, of
course, that a vacuum tube is essential. A highly promising alterna-
tive approach carried on in the last decade has shown that it is
feasible to scan the elements of a photoconductive target by cir-
cuit means alone. Weimer™-> and his co-workers have shown
that a 256-line (6 x 10* picture elements) can be addressed or
scanned at television rates by a matrix of leads so arranged (Fig.
3.13) that each picture element lies at the intersection of a hori-
zontal and a vertical lead. The 6 x 10* picture elements were acces-
sed by 5 x 102 leads — 256 for the vertical and 256 for the horizon-
tal lines. The total number of leads to the device was reduced from
512 to 64 by use of integrated decoder circuits.

A significant improvement in the method of scanning was
suggested in 1969 by Sangter and Teer®! using a method
called “a bucket brigade” and by Boyle and Smith®2 in 1970
using a method called “charge-coupling” In both cases,
the charge pattern, stored in a line of picture elements, can be
stepped across to one edge of the target at video rates and fed
into the first stage of a video amplifier built into the same silicon
chip on which the picture elements are located (Fig. 3.14). Suc-
cessive lines of a square array can be scanned off in this fashion.

The self-scanned arrays have the obvious virtues of compact-
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Fig. 3.13. Equivalent circuit for solid-state self-scanned array
of sensors (Weimer et al). (V-5

Fig. 3.14. Principle of charge transfer in a charge-coupled
sensor (Boyle and Smith). (8-2)
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ness, long life, and low power, characteristic of other purely
solid-state devices (Fig. 3.15). They have also the fundamental
advantage that the first stage of the video amplifier can be built
so that its capacitance is 10”2-10"* times that of the usual video
amplifier for a vidicon. Since the amplifier noise varies as the
inverse square root of the input capacitance, this means a ten- to
a hundredfold improvement in sensitivity. To realize the increased
sensitivity, it is still necessary to minimize the contributions to
noise arising in the scanning process from trapped charge at
each picture element -V

Fig. 3.15. Photograph of complete 256 x 256 element inte-
grated thin-film sensor deposited on two glass substrates moun-
ted on a printed circuit board (Weimer et al).W-
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A further improvement is, in principle, possible if the first
stage is an MOS-type transistor and if it is operated with a floating
gate. In the floating-gate mode, the charge of a picture ele-
ment is placed on the gate and the gate is allowed to float elec-
trically for a time of one picture element. During this time the
charge on the gate can induce a much larger charge to flow through
the channel of the MOS. After one picture-element time, the
charge is removed from the gate and is replaced by the charge of
the succeeding picture element. The fact that the gate is floating
and not connected to a resistor avoids the usual thermal noise of
the resistor. Moreover, if the noise current in the channel of the
MOS can be confined to its fundamental thermal value, that is,
if the excess noise, called 1/f noise, can be sufficiently reduced, it
is, in principle, possible to detect single electron charges arising
from single photons. The operation of the MOS in the floating-
gate mode is essentially equivalent to that of a photoconductor
and will be discussed in Chapter 7.

In summary, the charge-coupled image sensor has the formal
possibility of achieving the ultimate in performance—a photon
counter with 1009, quantum efficiency.

3.12. Summary

Television camera tubes have in the span of the last fifty
years achieved a millionfold increase in sensitivity.

Modern camera tubes operate with a quantum efficiency
between 10 and 1009,. Their performance exceeds that of the
human eye both in quantum efficiency and in the ability to operate
at extremely low light levels in the range of 1077 foot-lambert.

Current and near-future developments in solid-state image
sensors will achieve the same high performance in highly compact,
low-power, and low-cost formats.

3.13. References

B-1. P.H. Boerse, “Electron Bombardment Induced Conductivity in Lead Monoxide,” in
Advances in Electronics and Electron Physics, Vol. 22A, pp. 305-314 (1966), Academic
Press. New York.



C-2.

F-1.

F-2.

G-1.

H-1.

I-1.

R-1.

R-2.
R-3.

S-1.

S-2.

S-3.
W-1.

W-2.
W-3.

Chapter 3

W.S. Boyle and G.E. Smith, Charge-coupled semiconductor devices, Bell System
Tech. J. 49, 587-593 (1970).

J.E. Carnes and W.F. Kosonocky, Noise sources in charge-coupled devices, RCA
Rev, 33, 327-343 (1972). [See also M.F. Tompsett, The quantitative effects of interface
states on the performance of charge coupled devices, JEEE Trans. Electron Devices
ED-20, 45-55 (1973).]

M.H. Crowell, T.M. Buck, E.F. Labuda, J.V. Dalton, and E.J. Walsh, A camera
tube with a silicon diode array target, Bell System Tech. J. 46, 491-495 (1967).

P.T. Farnsworth, Television by electron-image scanning, J. Franklin Inst. 218,
411-444 (1934).

S.V. Forque, R.R. Goodwich, and A.D. Cope, Properties of some photoconduc-
tors, principally antimony trisulphide, RCA Rev. 13, 335-349 (1951).

G.W. Goetz and A.H. Boerio, Secondary electron conduction (SEC) for signal
amplification and storage in camera tubes, Proc. IEEE 52, 10071012 (1964).

L. Heijne, Photoconductive properties of lead-oxide layers, Philips Res. Repts.
Suppl. 4, 1-161 (1961).

H.A. lams, G.A. Morton, and V.K. Zworykin, The image iconoscope, Proc. IRE
27, 541-547 (1939).

G.A.Morton and J.E. Ruedy, “The Low-Light-Level Performance of the Intensifier
Orthicon,” in Advances in Electronics and Electron Physics, Vol. 12, pp. 183-193
(1960), Academic Press, New York.

L. Pensak, Conductivity induced by electron bombardment in thin insulating films,
Phys. Rev. 75, 472-478 (1949).

L. Pensak, Electron-bombardment-induced conductivity in selenium, Phys. Rev.
78, 171 (1950).

R.L. Rogers, III, G.S. Briggs, W.N. Henry, P.W. Kaseman, R.E. Simon, and R.L.
Van Asselt, Silicon-intensifier target camera tube, Int. Conf. on Solid-State Circuits,
February 18-20, 1970, Univ. of Pennsylvania.

A. Rose, Photoconductivity in insulators, RCA Rev. 13, 303-305 (1951).

A. Rose and H.A. Iams, The orthicon, a television pickup tube, RCA Rev. 4, 186—199
(1939).

A. Rose, P.K. Weimer, and H.B. Law, The image orthicon—A sensitive television
pick-up tube, Proc. IRE 34, 424-432 (1946).

F.L. J. Sangster and K. Teer, Bucket-brigade electronics-—New possibilities for
delay, time-axis conversion, and scanning, /IEEE J. Solid State Circuits SC-4, 131-
136 (1969).

K. Shimizu and Y. Kiuchi, Characteristics of the new vidicon-type camera tube
using CdSe as a target material, Japan. J. Appl. Phys. 6, 1089-1095 (1967).

R.E. Simon, private communication (1966).

P.K. Weimer, The image isocon—An experimental television pickup tube based on
the scattering of low-velocity electrons, RCA Rev. 10, 366-386 (1949).

P.K. Weimer, Photoconductivity in amorphous selenium, Phys. Rev. 79, 171 (1950).
P.K. Weimer and A.D. Cope, Photoconductivity in amorphous selenium, RCA Rev.
12, 314-334 (1951).

. P.K. Weimer, S.V. Forque, and R.R. Goodrich, The vidicon—photoconductive

camera tube, Electronics, May (1950).



Television Camera Tubes 9

W-5. P.K. Weimer, W.S. Pike, G. Sadasiv, F.V. Shallcross, and L. Meray-Horvath,
Multi-element self-scanned mosaic sensors, IEEE Spectrum 6, 52—65 (1969).

Z-1. V.K. Zworykin, The iconoscope, Proc. IRE. 22, 16-32 (1934).

General

L.N. Biberman and S. Nudelman, Photoelectronic Imaging Devices, Vols. 1 and 2 (1971),
Plenum Press, New York.

R. Clark Jones, “Quantum Efficiency of Detectors for Visible and Infrared Radiation,” in
Advances in Electronics and Electron Physics, Vol. 11, pp. 87183 (1959), Academic Press,
New York.

A. Rose, “Television Pickup Tubes and The Problem of Vision,” in Advances in Electronics,
Vol. 1, pp. 131-166 (1948), Academic Press, New York.

0. H. Schade, The resolving-power functions and quantum processes of television camera
tubes, RCA Rev. 28, 460-535 (1967).

H.V. Soule, Electrooptical Photography at Low Illumination Levels (1968), John Wiley &
Sons, Inc., New York.

P.K. Weimer, “Television Camera Tubes: A Research Review,” in Advances in Electronics
and Electron Physics, Vol. 13, pp. 387-437 (1960), Academic Press, New York.

V.K. Zworykin and G.A. Morton, Television (1954), John Wiley & Sons, Inc., New York.



CHAPTER 4

PHOTOGRAPHIC FILM

4.1. Introduction

There is a large variety of photochemical processes whereby
the action of light serves to darken the material in which it is
absorbed. Many of these processes have no photographic gain in
the sense that one photon affects at most one molecule of the
absorbing material. The old blueprint papers are of this character.
The ordinary, but potentially photographic, process of acquiring
a suntan is of the same kind. Other and more useful photochemical
processes make use of a much smaller optical exposure that pro-
duces only a latent (invisible) image which can then be developed
to produce a visible image. The most popular and versatile of
these processes makes use of micron-sized silver halide crystals
imbedded in a gelatin matrix. The silver bromide is sensitized to
various parts of the visible spectrum by the adsorption of a wide
variety of organic dyes. The gain of the development process is
in the order of 10°, that is, 10° silver atoms are generated per
“usefully” absorbed photon.

It is remarkable how often one or two chemical compounds,
out of an almost limitless range of possibilities, dominate a given
technology for many decades. Barium oxide for thermionic emit-
ters, cesium-silver oxide for photoemitters, silicon for transis-
tors, and selenium and zinc oxide for copying machines are well
known examples. Silver bromide has similarly dominated the
photographic field for over a century. More often than not, a
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detailed understanding of why a particular compound should
be unique is lacking. And, indeed, the compound is probably not
unique and is always in danger of being displaced.

The development of silver bromide emulsions is particularly
remarkable because it had to be carried out both literally and
metaphorically in the dark. Literally, owing to the sensitivity of
the emulsion to visible light. Metaphorically, because much of
the research was done in the absence of any well-developed models
of the band structure of solids. Even now, a detailed understand-
ing of the electronic processes is still lacking or, at least, subject
to argument.

The silver bromide photographic process is a highly sophis-
ticated combination of solid-state electronics and chemical
reactions. If photographic film did not exist and someone pro-
posed the task of developing a material which could remain “primed”
for months, ready to respond to only a few photons, and then
remain “latent” again for months, ready to yield a catalytic gain
of 10° (during chemical development), there would be few, indeed,
foolhardy enough to undertake the risk. Fortunately, the problem
did not need to be framed in such dramatic dimensions. The slow
inching process of science and invention succeeded in building
an edifice whose elaborate design could not have been foreseen
at the outset.

4.2. Sensitivity and Signal-to-Noise Ratio

Consider a photographic negative that has not been exposed
to light. It is essentially a sheet of film consisting of micron-sized
silver bromide grains imbedded in a layer of gelatin. If the film is
now developed in the customary manner, it becomes uniformly
transparent. We ignore for the present the usual small amount of
fog present in all films. In the final step, a positive print is made
from the negative by shining light through it and on to a relatively
insensitive print paper. In this case, the print paper would be
fully exposed and yield a uniformly black image corresponding to
the original picture — which, by assumption, was devoid of light. It
is against this black background that we now introduce a finite
amount of light to form the image of some test pattern.
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Let the test pattern be a small square patch of light which,
when imaged on the film, has a length of side d. During the expo-
sure we assume that N, photons fell on the patch and caused N,
silver bromide grains to be developed into N, black grains of
of silver. When we now shine light through the film to make a
print, we end up again with a black picture everywhere except
where the N, opaque grains of silver were present. These yield
N, white spots on the final print. We assume for the moment
that all of the silver grains have the same size. We also recognize
that the silver-bromide grains and consequently the developed
silver grains are randomly distributed so that the rms deviation
in the number of grains per unit area is equal to the square root
of the average number. The result is that the signal-to-noise ratio
in the test patch in the final print is (N,/N,'?) = N,'/2. The sig-
nal-to-noise ratio of the incident photons is (N,/N,'/?) = N,'/2.
Hence, the signal-to- noise ratio of the final picture is what would
have been obtained if only N, photons had been used and each
photon had given rise to a white spot. In summary, the quantum
yield of the film is

0 — & _ (signal/noise)2 reproduced picture @.1)
N, (signal/noise)? incident photons .

This is the same criterion, used in Chapter 2, to evaluate the quan-
tum yield of the human eye. R. Clark Jones" ! has applied the
criterion to a number of commonly used films to arrive at a quan-
tum efficiency (100 x 0) of about 19,.

While the intrinsic sensitivity of about 19, is common to a
wide range of films, the photographic speed is readily varied by
varying the size of the silver-bromide grains. Thus, if we take as a
nominal criterion that 100 photons must be incident on a grain to
make it developable, the density of photons required to expose a
given film is 100/(grain area) photons/cm?. For a medium range
of grain size, the area is 10~ % cm? and the exposure is 10'° pho-
tons/cm?. It follows also that the higher-speed (larger-grained)
films have a lower signal-to-noise ratio for a given elemental area
on the film. The signal-to-noise ratio is approximately the square
root of the number of grains in the elemental area.



84 Chapter 4

Our analysis has thus far assumed a single layer of grains, a
random spatial distribution of grains, and a uniform size and
sensitivity for the grains. In actual practice, photographic films
have a thickness of several grains. The assumed random nature of
their spatial distribution is valid and has been confirmed experi-
mentally by the observation that the signal-to-noise ratio is pro-
portional to the diameter of test element, that is, to the square
root of the number of grains. Finally, the grains have a significant
spread around their mean sizes and mean sensitivities. Sensitivity,
as used here, refers to the number of incident photons needed to
make the grain developable. The spread in grain size and sensitiv-
ity increases the latitute of a film. That is, if all of the grains had
the same size and sensitivity, they would all tend to become devel-
opable within a narrow range of exposures and would yield an
objectionably high-gamma film. (Some special-purpose films are
deliberately designed for high gamma.)

The net result of the multilayer thickness and the spread in
size and sensitivity is to waste photons.*"!) The outer layers, for
example, shadow the inner layers from the incident photons. The
distribution in sizes and sensitivities means that a given exposure
which is sufficient to make the larger and more sensitive grains
developable is insufficient for the smaller and less sensitive grains.
The photons absorbed by the latter are wasted. Thus, the sensitiv-
ities of individual grains are significantly larger than the aver-
aged, operational value of 19 derived from Eq. (4.1). Spencer,$3
for example, has analyzed the exposure curves to show that the
individual grains are in the order of 10 times more sensitive than
their averaged performance in a film would indicate. There have
been a number of attempts®" 51525320 5 gseparate out all of
the factors that contribute to the deterioration of film sensitivity.
While there is not agreement in detail, there is a rough consensus
that the two major factors are the multiple number of incident
photons required to make any one grain developable and the
wide spread in size and sensitivity of grains. The number of inci-
dent photons required to make a grain developable can, in prin-
ciple, be further separated into the number that contribute to
forming a silver nucleus and the number that are wasted by being
trapped (or by recombination) at sites that make no contribution
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to the silver nucleus. If all of the grains had the same size and
sensitivity, this separation could, as shown by Shaw, be identified
in practice by observing the sharpness of transition from white
to black as a function of exposure. The magnitude of the photo-
graphic gamma measures the sharpness of this transition. (The
same type of analysis, see Section 2.6, was applied to the eye
to try to determine how many of the incident photons were
effective in generating nerve pulses.) The very fact that there is no
general agreement on the separation is evidence that the spread in
grain size and sensitivity tends to obscure the significance of the
separation. There is a similar ambiguity, as shown by Shaw, as
to how much of the latitude of film can be ascribed to an actual
spread in grain size and sensitivity and how much can be ascribed
to the statistical spread that one would expect if each grain re-
quired only 2 or 3 effective photons to form a silver nucleus. In fact,
he argues that a significant improvement in film sensitivity could
be achieved by making the size and sensitivity uniform and by
depending on this statistical spread in exposure to yield the lati-
tude.

4.3. Resolution, Signal-to-Noise Ratio, and Effective Passband

From purely geometric considerations one might expect
that the smallest picture element of a photographic film would be
of the size of the individual grains, much as the limit of resolution
of halftone engravings is given by the size of the halftone dots, or
the limit of visual resolution is given by the diameter of the rods
and cones in the retina. If this were indeed so, the resolution of
35-mm film with micron-sized grains would be in the order of
20,000 television lines corresponding to the 1.8-cm vertical pic-
ture height. Comparison with the usual 500-line television pictures
would then mean that a passband some 1600 times larger than
the usual television passband of 5 MHz (megacycles/sec) would
be needed to transmit the information on the film. A qualitatively
similar conclusion was, indeed, advanced during the early history of
the television system. -V

All of the above would be true if the photographic grains
formed a regular array and if they could be partially developed to



86 Chapter 4

reproduce a gray scale in the manner of the variable-size black
dots of a photoengraving. Since, in fact, the grains are randomly
distributed and are of an “all or none” character, they act like the
random array of photons described in Chapter 1. In brief, if we
selected a picture element to be the size of the grains, the signal-
to-noise ratio would be of the order of unity and incapable of

Fig. 4.1. Photograph of the test pattern of Fig. 1.5, on 35-mm super XX film at a
low illumination. The purpose of this photograph is to show how the resolution
is limited by grain noise. In particular, the low-contrast discs show proportionate-
ly poorer resolution in accordance with Eq. (1.3).
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transmitting information. The smallest picture element capable
of transmitting a single black dot on a white background should
have a signal-to-noise ratio of about 5 (see Chapter 1) and should,
therefore, contain about 25 grains. Moreover, if we ask for the
smallest picture element that can transmit a reasonable contrast
such as 109, the signal-to-noise ratio must be 50 and the picture
element must contain 2500 grains. At this point we arrive at a
reasonable measure of the resolution of the 35-mm film, namely,
about 400 rather than 20,000 television lines.

These considerations determine the normal viewing distance
for an audience attending a motion-picture film. At the optimum
distance, the visual resolution of the viewer is approximately the
400 lines computed above. At closer distances, the film is noticeably
and objectionably noisy. At larger distances, a significant amount
of picture detail is visually unresolved. The effect of viewing dis-
tance on noise and picture detail is shown graphically in Fig. 5.2b.

The interdependence of resolution, contrast discrimination,
and signal-to-noise ratio are brought out in Fig. 4.1. This is a
photograph of the test pattern of Fig. 1.5 which consists of a set of
discs of varying size and contrast. The test pattern was so arranged
that if the relation (Chapter 1)

Cd = constant

is satisfied, the demarcation between the visible and nonvisible
parts of the test pattern is a 45° line. C is the contrast of the test dot
and d is its diameter. Here, again, the strong dependence of resolu-
tion on contrast is emphasized. Film resolution deduced from
high-contrast test patterns is a poor and grossly misleading measure
of the resolving power for low-contrast detail.

4.4. Threshold Properties of Photographic Grains

The quantum efficiency of 19 with which film operates can
only be observed near its characteristic exposure of 100 photons
per grain area. If the exposure is reduced below this value, the
grains do not become developable and the film ceases to function.
For this reason, there is a spectrum of films with different grain
sizes, extending from the fine-grained, slow-speed copying papers
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or microfilm to the coarse-grained, high-speed emulsions for use
in astronomy.*

The implication here is that at least 2 of the incident 100
photons are needed to form a nucleus for development. If only 1
of the 100 photons were used, the film could still record occasion-
al “hits” down to arbitrarily low light levels. (Actually, the pre-
sence of fog, that is, grains that develop with no exposure, would
set a finite limit to this excursion.) The fact that 2 or more photons
per grain must participate in forming a nucleus is responsible for
the rather sharp threshold in exposure, above which the film
operates with 19, quantum efficiency and below which it ceases
to function.

The actual number of photons or photoexcitations needed
to form a nucleus is not known, but is thought to be in the range
of 3 or 4 rather than 30 or 40. Each photoexcitation gives rise to a
free electron which subsequently becomes trapped at an imper-
fection of the silver-bromide crystal lying more likely on its sur-
face. The trapped electron attracts a mobile silver ion to its site
and forms a silver atom. If several electrons become trapped on
neighboring sites so that a cluster of several silver atoms is formed,
the cluster can then nucleate the chemical reduction of the entire
silver bromide grain to silver. Thus, a chemical gain of some 10°
is achieved.

The need for more than one photon per grain has, on the
one hand, the disadvantage of setting a well-defined threshold
exposure below which film ceases to function. On the other hand,
it has the important advantage of extending the shelf life of film
against thermally induced exposures. It is not sufficient that an
electron be thermally excited here and there in separated grains
in order to induce a developable exposure. The density of thermal-
ly excited electrons must be at least comparable with the density
of grains in order that some grains have at least 2 electrons with
which to form a developable nucleus.

* The human retina also has a range of “grain” sizes, but these are in physically
different areas so that their size increases toward the periphery. The large
“grains” are formed by neurally interconnected rods.
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A second factor that makes a significant contribution to
shelf life is the strong departure of film from reciprocity at long
exposure times. The electrons that have been excited, either opti-
cally or thermally, and have been trapped at a favorable defect,
do not remain trapped indefinitely. They tend to be thermally
re-excited into a mobile state where they can eventually recombine
into their ground state and annihilate the initial excitation. The
data on reciprocity failure show that for exposure times of a few
minutes the exposure is twice its optimum value. This can be
interpreted to say that at room temperature the trapped electron
is released in a time of minutes. Hence, thermal excitations would
not be cumulative beyond a period of some minutes, and shelf
lives in the order of a year can be achieved. It is not unlikely that
cosmic rays eventually terminate the useful shelf life.

4.5. Fog

Except for the presence of fog, the noise in a photographic
image approaches zero in the dark parts of the picture. This is the
performance to be expected from an ideal picture device. It is
achieved by the eye and also by those television camera tubes
that have a high degree of image multiplication at, or preceding,
the target. It is not achieved by the camera tubes like the vidicon
for which the amplifier noise remains constant in the high lights
and low lights. Such tubes require more light in order to bring the
low lights out of the noise.

The fog in photographic film is the finite density which ap-
pears during development, even when the film has been complete-
ly unexposed to light. It has somewhat the same effect that a
small amount of bias light would have on a perfect or fogfree
film. Its magnitude is only a few percent of the high-light density,
and its effect is to introduce a small amount of noise in the
low-light portions of the photographic image.

4.6. High-Energy Radiations

Photographic film, just as the human eye, is sensitive to a
wide gamut of high-energy radiations extending from the few
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electron volts of ultraviolet light to the millions of electron volts
of cosmic rays. Indeed, any radiation that can excite electrons in
solids can be recorded by film.

It is particularly interesting to note that the noisiness of
x-ray images can exceed the noisiness of the same films exposed
to light. The absorption of a 100-kilovolt x-ray quantum can
give rise to an electron of the same order of energy. The electron
can then penetrate several grains leaving a trail of excitations
sufficient to make them all developable. The noisiness of the film
is then determined by an effective grain size larger than the origi-
nal silver bromide grains and equal to the combined size of the
several grains exposed by a single x-ray photon.

In another arrangement, due initially to Lallemand,"™! the
high-energy electrons are generated by light falling on a photo-
cathode. The photoelectrons are then accelerated to some tens
of kilovolts before they strike the film. Each electron can make
a detectable white speck in the final print. This arrangement
has been used by astronomers to record faint stars and nebulae
and to extend the photographic process to the counting of indi-
vidual photons.

In the case of the extremely-high-energy cosmic rays or
nuclear particles, photographic emulsions have been used for
some decades to record their centimeter-long paths. The length
of path and the density of excitation along the path both serve to
identify the charge, mass, and energy of the impinging particle.
It is only recently, following the observations of streaks of light
by the astronauts in their darkened cabins, that the visibility of
these same cosmic tracks by the human retina has come to be
generally recognized.

4.7. Relative Sensitivities of Film, Television Camera Tubes, and
the Human Eye

Figure 4.2 is a rough outline of the comparative sensitivities
of photographic film, some representative television camera
tubes, and the human eye. Also shown are the approximate ranges
of scene brightness over which these various visual systems op-
erate. To make the comparison meaningful, a common exposure
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Fig. 4.2. Relative sensitivities of film, television camera tubes, and the human
eye.

time of 0.1 sec was assumed together with an f/2 lens. The plot has
a quantitative meaning on an absolute scale since the curve for
an ideal device with 1009 quantum efficiency is included. The
vertical separation of any of the devices from the ideal curve is a
measure of its quantum efficiency.

All of the camera tubes with the exception of the vidicon use
photocathodes whose quantum efficiency is about 109, and,
therefore, comparable with or greater than that of the eye. These
tubes are arranged in order of their ability to detect low-light
scenes. Photographic film is plotted along a line of quantum
efficiency equal to 19,. The range of scene brightnesses reflects
the range in average grain sizes. The curve for the vidicon is steeper
than the other curves because it has a fixed amplifier noise. In
the limit of high brightnesses the vidicon intersects the ideal
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curve when the noise in its stored-charge image matches the
amplifier noise. At this point it would operate with close to 1009,
quantum efficiency and a noise level given by that of the photon
flux. The intersection is at an unrealistic level of video signal, about
10 microamperes and 50 times higher than its normal video signal.
The dotted curve shows the performance to be expected from a
vidicon when the signal is taken out through the return beam
after going through a multiplier as in the image orthicon [see
also reference (S-1) in Chapter 5].

4.8. Summary

The operating sensitivity of photographic film is in the neigh-
borhood of 19, quantum efficiency.

The intrinsic sensitivity of the individual photographic
grains is in the neighborhood of 109, quantum efficiency.

The factor of 10 reduction from intrinsic to operating sen-
sitivity is a consequence of the conversion of a digital system
to an analog system. The “all or nothing” character of individual
grains leads to a distribution of grain sizes and sensitivities in
order to achieve a useable latitude in light levels. This distribution,
in turn, leads to an underutilization of the photon flux.

Photographic film achieves a range of photographic speeds
by use of a range of average grain sizes. The operating sensitivity
remains substantially constant. High photographic speed is
achieved at the expense of signal-to-noise ratio.

The sensitivity of photographic film is of the order of that of
the human eye in the high light range (room light and above)
where film is operative. The sensitivity of television camera tubes
is of the order of that of the eye at low light levels (twilight and
below) and can exceed the eye at high light levels by a factor of
10-100.
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CHAPTER 5

COMPARATIVE NOISE
PROPERTIES OF VISION,
TELEVISION, AND
PHOTOGRAPHIC FILM

5.1. Statement of the Problem

A television system is, for the most part, a surrogate for the
human eye. The television camera in the studio or at some public
event should be seeing what we, as viewers, would see if we were
present. Consciously or unconsciously, we judge the quality of the
transmitted picture in terms of what our own visual system would
have apprehended when standing alongside the camera. For our
purposes, this statement has particular meaning for those situa-
tions in which the camera is picking up scenes at low light levels,
where the information transmitted is limited by the amount of
light available. The television picture is then noise-limited as,
indeed, our own visual system would be when viewing the original
scene. The difference is that the television picture is presented at a
high light level so that its noise is readily visible. Our own visual
system in viewing the original scene would automatically adjust
the gain of the visual process to make the noise only barely visible.

In general, our judgement that a television picture (or motion
picture) is, or is not, noisy depends on the relative signal-to-noise
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ratios of the television picture itself and of our visual image of the
television picture. Conventional measures of television noise,
however, do not allow an easy comparison of these two signal-to-
noise ratios. The conventional measures are based on the scanning
process by which the television picture is presented. Hence, the
signal-to-noise ratio is computed for the passband of the television
amplifier and may or may not be relevant for comparison with
the visual image.

The purpose of this chapter is to compare the signal-to-noise
ratios of a television system and of photographic film with the signal-
to-noise ratio of the visual image in meaningful terms, and to avoid
some of the ambiguities frequently present in the literature.

5.2. A Proper Measure of the Signal-to-Noise Ratio in a Television
Picture

A proper measure of the signal-to-noise ratio of a television
picture, for comparison with the visual image of the picture,
should be computed for a given elemental area on the television
receiver and for the image of the same elemental area on the retina.
Furthermore, the signal-to-noise ratio in each case should be
computed for the exposure time of 0.1-0.2 sec of the visual process.
Normal practice, for example, is to specify the signal-to-noise
ratio of a television system for the passband, about 5 MHz, of the
amplifier. This value is valid for the smallest picture element,
about 1/500 of the picture dimensions, and for one picture time,
1.e., 1/30 sec. The conventional value of signal-to-noise ratio can
be adapted to areas larger than the smallest picture element by
multiplying by the ratio of diameters and to integration times of
0.2 sec. by multiplying by the factor [(2/10)/(1/30)]'/? = 2.5. It is
this last factor that accounts for the observation that single frames
of a television picture or of a motion picture look considerably
noisier than the film in motion. The eye normally integrates some
six frames of a television picture to yield a corresponding improve-
ment in signal-to-noise ratio.

A not uncommon misuse of the signal-to-noise ratio is to
point to the visibility in Fig. 1.6c of one of the larger black discs
under conditions when the signal-to-noise ratio for the television
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system is far less than unity. The latter value applies to the finest
picture elements which are about 1/500 of the picture dimensions
and which are completely below the threshold of visibility. Those
areas of the test pattern which are visible have a signal-to-noise
ratio of 5 or greater. Morgan,™ 1) for example, cites the visibility
of certain bar patterns when the signal-to-noise ratio of the televi-
sion system is only 0.1. In the example cited by Morgan, the signal-
to-noise ratio of 0.1 characterized the usual picture element whose
diameter was about 1/500 of the picture dimension. The observer,
on the other hand, was viewing a set of bars and was visually able to
integrate not only along the length of a bar, but also over a number
of bars. The signal-to-noise ratio of what the observer was detect-
ing was accordingly larger than that of a single picture element
by a factor well in excess of 10. Hence, the observer was detecting
a pattern whose signal-to-noise ratio was well above unity rather
than well below unity.

The same type of error is made when the resolution of a
television system (or photographic film) is measured by observing
the visibility of small sets of resolution bars. The fact that a set of
bars, whose individual bar width is, for example, 0.1 mm, is visible
does not mean that a single element 0.1 mm on a side will be visible.
The single element is visually smaller than the set of bars and has
a smaller signal-to-noise ratio. It will be completely undetectable
when the corresponding set of bars is just detectable.

The use of bar patterns to measure the visibility of fine detail
is misleading not only for the reasons just outlined, but also for
the reason that the bar patterns usually have 1009, contrast. As
shown in Chapter 1, an element with 50 % contrast must be twice
as large (in linear dimensions) as an element with 100 9 contrast
in order to be just detectable. An element with 10 %, contrast must
be 10 times as large. For these reasons the conventional use of bar
patterns to measure the resolution of a noise-limited system
grossly overestimates the visibility of fine, low-contrast detail. The
proper test pattern that should be used is that shown in Fig. 1.5.
This pattern consists of single test elements of varying sizes and
varying contrast. And it is this type of test pattern that leads to the
conclusion that signal-to-noise ratios for threshold detectability
must be in the range of 3to 5.
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An example of the magnitude of error provoked by the use
of high-contrast bar patterns to measure resolution occurred, as
already mentioned, in the early days of television. It was estimated,
on the basis of bar-pattern data, that television channels 80 MHz
wide would be needed to transmit motion-picture films. These
estimates are to be compared with the observations that the
quality of film transmissions via the present 5 MHz television
channels is frequently observed to be inferior to that of live studio
pictures. That is, the quality of the transmitted picture is limited
by the quality of the film, and not by that of the television system.

5.3. A Comparison of Arrangements for Noise Reduction

Given a noisy television picture, what are the ways of filtering
out the noise, and how do they compare in efficiency?

The simplest way of reducing noise in a television amplifier
is to reduce its bandwidth. This, of course, also reduces the ability
of the system to resolve fine picture detail. One can also choose
to reduce the visibility of noise at the expense of picture detail by
backing away from the television screen so that fine detail is not
visually resolved. A third method, not generally recognized, is to
interpose a neutral filter between the viewer and the screen
so that the resolution and contrast discrimination of the eye are
reduced. We will show that this is, by far, the most effective noise
filter.

There is a fourth method for noise reduction which entails
altering the content of the picture itself, and which, accordingly,
is in a different category from the three methods just outlined.
This method consists of interspersing areas of high contrast
throughout the picture. We will discuss the meaning of this pro-
cedure separately below.

Of the three methods for noise reduction, reduction in band-
width is the most ineffective, increased viewer distance loses
some picture information; and the use of a neutral filter is the
most effective in that no picture information is lost and a realistic
or three-dimensional picture quality is added.

To clarify these statements, it is necessary to compare the
signal-to-noise ratios of various-sized elements in the television
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picture with the signal-to-noise ratios of these elements in the
visual image on the retina. Fig. 5.1a shows the comparative signal-
to-noise ratios of a television picture and of the visual image of
that picture under such conditions that the viewer judges the
picture to be noisy. The signal-to-noise ratio at the retina and at
the given level of picture brightness is larger than the signal-to-
noise ratio of the electrical signal.

The signal-to-noise ratio for the television picture increases
linearly with the linear size of element considered. We now look
at the retinal image of this picture and, for example, count the
number of photons falling on the retina for an element of a given
size in the picture and for the exposure time of the eye. We then
take a fraction, say in the order of 5 9, of these photons correspond-
ing to the quantum efficiency of the eye, and use this number to
compute the signal-to-noise ratio of the retinal image. The signal
is the number itself; the noise is the square root of the number
and the signal-to-noise ratio is also the square root of the number—
that is, the square root of the number of utilized photons. The
curve for the signal-to-noise ratio of the retinal image, or eye, was
constructed in this way in Fig. 5.1. The eye curve cuts off at small
element sizes corresponding to the limit of resolution set by the
finite size of rods and cones. It cuts off also at large signal-to-noise
ratios, in the order of a few hundred, corresponding to the so
called Weber-Fechner limit of about 29, image contrast. That is,
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Fig. 5.1. Noise reduction by reduced bandwidth (linear scale).
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the visibility of lower contrasts at larger areas is not governed by
noise considerations, but by whatever absolute constraints give
rise to the Weber—Fechner limit.

Since the eye curve lies above the curve for the television
picture, the eye is easily able to see the noise in the television
picture. Its discrimination is in this sense finer than the noise
texture of the picture.

The total noise in the television picture is related to the total
area under its curve. The particular relation is not important—it
corresponds to the usual process of integrating noise power over
a finite bandwidth. What is significant, is that we can make large
reductions in the total noise of the television picture by reducing
its bandwidth. Such a reduction is illustrated in Fig. 5.1b by cut-
ting off the finest picture detail at larger element sizes (i.e., fine
detail is not transmitted). It is clear from Fig. 5.1b that even though
the total noise power in the television channel has been markedly
reduced, the noisiness of the picture remains. That is, the eye can
still see noise in the coarser (large area) parts of the picture that
survived the operation of bandwidth reduction. The appearance of
noise has changed from fine grained to coarse, but its visibility
remains.

From Fig. 5.1 we conclude that reduction of bandwidth has
no virtue. It reduces picture information without altering the
noisiness of the remaining picture information. It is necessary,
however, to make one qualifying remark. If the passband of the
amplifier had initially been much wider than needed to transmit
the picture detail, the additional high-frequency noise would
tend to reduce the picture contrast in the darker areas of the
picture. Black would no longer be black, but a noisy shade of
gray. Under these conditions, a reduction of bandwidth does
have the virtue of improving the quality of the picture. Amplifiers
that selectively reduce the bandwidth in the low lights are able to
realize this improvement without loss of picture quality in the
high lights. These remarks apply to noise that is added to the
picture by, for example, the first stage of a television amplifier. It
does not apply to noise that is inherent in the light signal or, in the
case of photographic film, to noise that approaches zero as the
light signal approaches zero. Photographic film, for example, is
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recorded at an equivalent passband far in excess of the passband
at which it is viewed. If the viewer can resolve elements only as
small as 10 microns on a side, and if the lens recording the image
on the film were capable of resolving a micron, then the recording
passband would be 100 times larger than the viewing passband.
This disparity presents no problem because the noise in the film
approaches zero in the black parts of the film and a well-defined
black level is preserved. A small departure from ideal behavior is
produced by the presence of the so-called photographic fog whose
density is of the order of 0.02. The effect of the fog is what would be
expected from an ideal film on which a small bias light of a few
percent of the picture light is always present. The noise accompa-
nying the bias-light exposure prohibits the achievement of a perfect
black level.

Fig. 5.2 shows the effect of increased viewer distance on the
visibility of noise. The increased viewer distance (Fig. 5.2b) simply
introduces a scale factor that shifts the curve to the right by a
constant factor. That is, a given area on the retina now corresponds
to a larger area of the picture. The effect of increased distance is
twofold. Some of the picture information is lost since the eye
curve does not extend to the finest detail of the picture. The re-
mainder of the picture, which the eye does see, is now noisefree
since the eye curve lies below the picture curve. The discrimination
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Fig. 5.2. Noise reduction by increased viewing distance (linear scale).
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of the eye for the small noise-brightness fluctuations is not good
enough to detect them.

Figure 5.3 shows the effect of interposing a neutral optical
filter between the observer and the television screen. This time the
eye curve is shifted vertically downward (Fig. 5.3b) by a constant
scale factor from its initial position shown in Fig. 5.3a to a position
lying beneath the curve for the television picture. The effect of the
neutral filter is simply to reduce the signal-to-noise ratio at the
retina by reducing the number of photons arriving there. Note
that this time all of the picture detail is preserved. Only the noise
is filtered out, and it is filtered out uniformly for large and small
areas of the picture. In place of a neutral filter, the observer can
merely squint his eyes or view the picture through a small aperture
formed by his fingers in order to reduce the light falling on his
retina. In any case, the resultant conversion of a noisy to a noise-
free picture is dramatic. One has even the impression that the
information content is increased. If so, the real increase of informa-
tion must be a second-order effect. The impression is largely
psychological and comes from the fact that before the neutral
filter was interposed the television picture was obviously noisy
and looked to be of lower quality than the visual image of real
objects in the room. After the neutral filter, the television picture
is apparently noisefree and looks to be of the same quality as the
real objects. The eye (or brain) is not aware that the matching pro-
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cess has been effected by deteriorating the visual image quality of
real objects (by reducing the discrimination of the eye) rather than
by improving the quality of the television picture.

Another favorable effect of the use of a neutral filter is to
increase the apparent contrast of the picture by viewing it at lower
light intensity. The logarithmic response of the eye to light inten-
sity leads to a higher photographic gamma at low light levels. It
is a common experience to find a white house standing out in high
contrast to the landscape in twilight as opposed to its appearance
at midday.

Finally, there is a very subtle but very real contribution to
the three-dimensional quality of an image that comes from remov-
ing all trace of noise. In general, one’s sense of three dimensions is
largely based on experience rather than on the stereo effect of
using two eyes. If this were not so, closing one eye would dramatic-
ally convert the image of a real room into a two-dimensional
canvas of the room. Retinal images, whether of real three-dimen-
sional objects or of photographs, are necessarily only two-dimen-
sional. The eye tends, therefore, to regard every image as three-
dimensional unless there are telltale clues that force it to conclude
that it is a two-dimensional canvas or photograph, etc. One of these
clues, for example, is the frame of a canvas or the border of a maga-
zine illustration. Viewing the same picture through a tube which
excludes the border often makes a striking contribution to the
three-dimensional quality of the picture. Similarly, if the fabric of
the canvas or the texture of the magazine paper is prominent, the
eye has a ready clue for concluding that the picture is two-dimen-
sional. In this sense, noise in a television picture is like the texture
of magazine paper. Its presence is the telltale clue that the picture
is two-dimensional. Its elimination opens the way for the more
natural three-dimensional interpretation.

5.4. Effect of High Contrast on the Visibility of Noise

In the early days of motion pictures, the quality of film tended
to be noticeably grainy or noisy. It was recognized empirically
that the grainy appearance could be considerably attenuated by
avoiding large uniformly lighted areas. A picture that was well
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broken up by an assortment of bright and dark areas, almost
checkerboard fashion, was far less noisy than, for example, a
picture with a large gray wall or with a large area of sky.

These observations stem from the fact that the eye has strong
overshoots at black—white borders. At the border, the blacks are
blacker than black and the whites are whiter than white. Much of
the overshoot has been traced to an inhibitory mechanism in the
retina such that the visual response from areas just outside of a
white boundary is strongly repressed. A second source of the
overshoot can be assigned to the combination of the small oscil-
latory motions of the eye and its variable-gain mechanism. For
example, in viewing a black—white boundary, the visual gain is
reduced in the white area and increased in the dark area. Now, if
the eye shifts slightly so that the white image falls on a previously
dark part of the retina, the visual response is enhanced. Similarly,
a shift in the other direction yields a blacker than black response
for the dark side of the boundary. A common example of these
overshoots is the observation that the visual response to a photo-
graphic step-wedge is a sawtooth rather than a staircase.

The strong overshoots at sharp boundaries have the effect
of reducing the ability of the eye to detect small differences in
brightness near the boundary. Hence, the visibility of noise is
significantly attenuated. A striking example of this effect is to
view a noisy television raster from a distance and then to approach
the raster. If the scanning lines are sharply defined so that there are
dark spaces between them, the noise disappears at close viewing
distances where the lines can be clearly resolved. The striking
aspect, of course, is the anti-intuitive experience of finding that
a fine texture, namely, the noise, that can be seen at large distances
disappears at close distances.

5.5. Noise in Dark Areas

Both for visual images and for photographic film, the noise
approaches zero as the signal approaches zero. This is as it should
be for a photon-noise-limited picture. The same performance can
be expected from those camera tubes in which some form of image
multiplication ensures that the noise in the pattern of stored
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charges on the target dominates the noise in both the scanning
beam and in the television amplifier. The image isocon approach-
es this performance to the extent that its noise is about a factor
of 3 lower in the dark areas than in the lighted areas. In the vidicon
and image orthicon, the noise remains substantially the same in
the dark as in the lighted areas. In the vidicon it is the fixed noise
added by the amplifier. In the image orthicon, it is the relatively
fixed shot noise of the scanning beam.

The presence of a fixed noise can represent a significant
loss in sensitivity depending, of course, on the picture content.
If the emphasis is on the content in the high lights, no significant
loss in sensitivity is incurred. If the emphasis is on the content in
the low lights, then the incident light intensity must be increased
in order to match the signal-to-noise ratio obtained in those
devices in which the noise approaches zero at low lights. Hence,
while the presence of a fixed noise does have its effect on sensitiv-
ity. it is not meaningful to attach a single number to its magnitude.

5.6. Noise versus Brightness of Reproduced Pictures

In Section 5.2, we pointed out the highly effective method
for noise reduction consisting of interposing a neutral filter between
the viewer and the picture on a television receiver. The inverse of
this operation has had a significant effect on the quality of pictures
demanded by the viewer.

In the course of the development of motion-picture film and
as the technology of light sources improved, there has been a
steady increase in the brightness of theater screens. The brightness
has increased from a few foot-lamberts to almost 20 foot-lamberts.
The increased screen brightness has necessitated a corresponding
increase in film quality. At the higher light levels, the signal-to-
noise ratio of the retinal image was enhanced to the point that the
noise or graininess of the film was readily visible. Finer-grained
films had to be used with a consequent increase in the light level
or exposure required in the film studio.

Quantitatively, if the light flux entering the film camera
from some element of the scene was the same as the light flux
entering the viewer’s eye from the same element, and if the quan-
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tum efficiencies of film and retina were equal, a noisefree picture
would be seen in the theater. Further, if the lens diameters and
viewing distances of camera and viewer were matched, the screen
brightness would then be equal to that in the film studio. A higher
screen brightness would then reveal a noisy picture. Actually, the
brightness in film studios is some 10 or more times that of the
theater screen. Part of this increased brightness reflects the several-
fold-higher quantum efficiency of the eye as compared with photo-

d

Fig. 5.4. High-definition television picture (O.H. Schade). a) Full target scan.
b) An underscanned portion of the television camera tube target. (See text for
details.)



Comparative Noise Properties of Vision, Television, and Photographic Film 107

graphic film. Another and significant part has to do with the
increased depth of focus required of the film camera as compared
with the human eye. The human eye does not have a particularly
large depth of focus. It compensates for this lack by rapidly
refocusing on near or far elements of our surroundings as our atten-
tion shifts. The result is that we feel that we have a large depth of fo-
cus because everything that we look at (or become attentive to) is
in focus. Since there is no way in which the camera operator can
anticipate which part of the scene our attention will fasten on,
all parts of the picture must be in good focus simultaneously, and
available on demand. This necessitates a large depth of focus
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and a consequent increase in studio brightness relative to that
of the theater screen.

The brightness of television screens is usually several times
higher than that of theater screens and therefore requires a picture
of higher quality in order to appear noisefree. This is reflected,
for example, in the comparative highlight signal-to-noise ratio
of a modern studio television picture and that of plus X, 35-mm film.
both evaluated for a picture element size that is 1/500 of the picture
size. For television, the signal-to-noise ratio is commonly 200,
for plus X film it is about 80.%"> One would then expect to find
films that are just noisefree on a theater screen to be detectably
noisy on a television screen.

Parenthetically, the suggestion that television studio pictures
might be of higher quality than motion pictures is almost invari-
ably met with complete disbelief. The reason is that the compari-
son is made with television pictures as received in the home. For a
variety of reasons, these pictures are likely to be significantly
inferior to the quality of picture that the modern 500-line television
system is capable of presenting. Moreover, this judgement is
made by an observer who is several times more critical in judging
the television picture than the motion picture owing to the four-
fold increase in picture brightness.

Figure 5.4 is clear evidence that the picture quality transmit-
ted by a high-definition television system can far exceed the quality
of 35-mm motion-picture films as normally encountered. The
original of Fig. 54a was a 9 x 9 inch photographic print.
Figure 5.4a is then the image of the 9 x 9 inch print as transmitted
by an 1800-line television system and displayed on the kinescope.
The detail in Fig. 5.4a is still limited by the 1800 scanning lines.
In order to show that the vidicon camera tube is capable of still
greater resolution, the scanning pattern on the camera tube was
reduced so that it reproduced only a small part of Fig. 5.4a. The
resultant picture, Fig. 5.4b, confirms the 10,000-line capability
of the camera tube. These pictures were transmitted and photo-
graphed by O.H. Schade on a system of his own design. Further
details are to be found in his publication.®-

Another aspect of the dependence of noisiness on the bright-
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ness of the reproduced picture is that a television system frequently
finds itself acting in the role of a light amplifier. Pictures may be
recorded in the fading afternoon light at a brightness level of a
few foot-lamberts and displayed on the television screen at a
brightness of some 80 foot-lamberts. In order to avoid presenting
a noisy picture, the sensitivity of the television camera should
exceed that of the human eye by the ratio of the brightness of the
television screen to that of the original scene. Alternatively, the
television camera can compensate for its lack of sufficient sensitivi-
ty by opening up its lens to admit more light. This operation,
however, sacrifices depth of focus as compared with what a human
observer would have at the scene. The recent super 8-mm, high-
speed, color home motion picture cameras have moved strongly
in this direction in order to record indoor pictures without extra
illumination.

5.7. Summary

A proper comparison of signal-to-noise ratios of television,
photographic, and human visual systems must be made for the
same exposure times and for equivalent areas of picture elements.

The signal-to-noise ratio in a picture is. in general, proportion-
al to the diameter of the picture element.

The noise-limited resolution of a picture is proportional to
the contrast of the test pattern. The resolution appropriate to a
contrast of 10% is only 1/10 that appropriate to a contrast of 100 7.

A test pattern consisting of isolated discs of varying size and
contrast is a more valid measure of resolution than the usual
high-contrast bar patterns.

Higher presentation brightnesses require pictures of higher
signal-to-noise ratios. Conversely, the most effective noise filter
is a neutral filter interposed at the eye of the observer.
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CHAPTER 6

IMAGE MULTIPLIERS

6.1. Introduction

This chapter is necessarily brief, not as a measure of its impor-
tance, but rather as a measure of the simplicity of the principles
involved and the relatively high degree of perfection of the avail-
able devices.

The ultimate goal of any detector of light is the counting of
individual photons. Photoemitters combined with photomul-
tipliers were able to achieve this goal for single-element devices
already in the 1930’s. Image tubes were able, in principle, to do the
same at a comparably early stage. In practice, the technology of
image tubes required some years of development before the highly
sensitive, multistage image multipliers of the last decade could be
realized. The technology included the improvement of the quantum
efficiency of photocathodes,®*"") the improvement of the lumines-
cence efficiency of phosphors, the reduction in thermally generated
dark current, the development of compact high-voltage sources,
and the stage-to-stage coupling via fiber-optic face plates.

The progress of vacuum-tube image multipliers was early
and rapid. The same multiplication which can in principle be far
more compactly achieved in a solid has been painfully slow in
realization. The difference, of course, is that a photoemitted elec-
tron can be accelerated to hundreds or thousands of volts by the
mere application of these voltages. The mean free path of an
electron in vacuum is the separation of cathode and anode, and
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can be indefinitely large. The mean free path of a photoexcited
electron in a solid is likely to be only a few angstroms, in which
distance it acquires only a few hundredths of a volt. It is exceeding-
ly difficult, as will be discussed in Chapter 9, to achieve even an
energy of the few volts required for impact ionization in relatively
insulating materials without an attendant and objectionable
increase in dark current via field emission.

It is interesting also to contrast the electrical energy of the
photon, which first excites an electron, with the electrical energy
of the liberated electron when it is used on the control electrode of
some triode amplifier. The photon energy in the visible range is
some 2 electron volts. It is a hundred times larger than the room-
temperature thermal energy. Hence, the probability of a competing
thermal excitation of 2 volts is vanishingly small. The number of
times per second that an atom or molecule will achieve 2 volts by
thermal excursions is

vexp (— 80) ~ 10~ 2!/sec

where the largest value v is the frequency of lattice vibrations,
namely, 10'*. For this reason, photoexcitations in the visible
range are almost totally free from competition by thermal processes.

Once an electron is liberated from its bound state and de-
posited on the control electrode of a triode amplifier, the signal
voltage of the electron plummets from its initial value of 2 volts to
a value of microvolts or less depending on the capacitance of the
control electrode. Its value is

V=e/C=10"2volt for C = 10"'!farad
Under these conditions the signal voltage is obscured by the
noisy thermal voltages of the resistor tied to the control electrode.
If we wished to match the 2 volts of the original bound electron,
the dimensions of the control grid would need to be about 1 A
(10~® cm), or about the same atomic dimension of the original
bound electron.

We will return to this point in the next chapter on solid-
state photon counters. For the present, we wish only to call atten-
tion to the dramatic degradation of energy that accompanies the
liberation of a bound electron and its deposition on a control
electrode.
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6.2. Varieties of Image Multipliers

Figures 6.1 to 6.8 sketch the various forms that image multi-
pliers have taken. They are mostly self-explanatory. The structure
in Fig. 6.1 is the only one in which an opaque photocathode is
used.©-1) The successive images suffer a shear distortion peculiar
to the use of cylindrical electric and magnetic fields for focus-
ing. ®-1 The shear distortion is shown for a single stage in Fig. 6.2.

Figure 6.3 shows a simple concatenation of image tubes.™-!)
The drawback of this arrangement is the large loss of light between
stages since the lens collects only a small fraction of the light from
each fluorescent screen.

In Fig. 6.4, the electron image is multiplied by a succession of
fine mesh screens. The electron paths are collimated by an axial
magnetic field. This arrangement suffers from a small gain per
stage and from the defocusing that accompanies the large spread
in energies (several volts) of the secondary electrons.

In Fig. 6.5, an array of fine tubes or channels is used to mechan-
ically collimate the electrons."-2) The channels are lined with a
resistive coating so that several thousand volts can be applied from
their entrance ends to their exit ends. Considerable effort has
been expended on the technology of forming, coating, and sensi-
tizing these channels. The arrangement is remarkably compact.
It suffers from an excess of noise owing to the uncertain nature of
the multiplication process. That is, the number of stages of multi-
plication that each electron suffers is a sensitive function of its
emission velocity and its direction of emission.

P

Vo >V > ¥, >y,

Fig. 6.1. Image multiplier using cylindrical elec-
tric and magnetic fields.
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Fig. 6.2. Illustration of shear distortion characteristic of imaging in cylindrical
electric and magnetic fields. The optical image on the cathode is shown on the
left; the electron image on the anode is on the right.

Fig. 6.3. Single-stage image intensifiers coupled by lenses.

Fig. 6.4. Image intensifier using a series of secon-
dary-emission screens.
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R —
PHOTOCATHODE) f \—PHOSPHOR

CHANNEL
MULTIPLIERS

Fig. 6.5. Channel-plate image intensifier.

In Fig. 6.6, very thin sheets of material,¥-!) only microns
thick, are used as transmission secondary emitters. The primary
electrons incident on one face excite hundreds of secondary elec-
trons in the volume of the secondary-emitting film. Only a few of
these manage to escape the far side. The energy needed to escape
is extremely rapidly dissipated by emission of phonons in the
solid. As will be shown in Chapter 9, the rate of energy emission
to phonons is of the order of 10'* eV/sec or 10° eV /cm of random
path. This form of image multiplier may very well experience a
revival if the secondary-emission ratio of transmission secondary
emitters can be improved using the modern technology of nega-
tive-affinity emitters. Here, even when the energetic, volume-
excited secondary electron settles down to the conduction band,
it can still be emitted since the conduction band lies above vacuum
(see Fig. 6.7).

Figure 6.8 shows the more generally used combination of
phosphor and photoemitter tightly coupled at each stage by

SECONDARY ELECTRONS

oA [

PHOTO CATHODE - PHOSPHOR

TRANSMISSION SECONDARY
ENITTERS

Fig. 6.6. Image intensifier using a series of trans-
mission secondary-emission films.
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CONDUCTION BAND

~ vacuu

VALENCE BAND \

Fig. 6.7. Negative-affinity photoemitter.

being located on opposite faces of a thin sheet of mica or other
insulator.®2) The gain per stage is in the range of 50-100 with
about 10% volts applied per stage. The gain can be estimated
from the combination of a phosphor energy efficiency of 109,
and a photoemitter yield of 10%,. The overall efficiency of 19, or
10~ 2, means that 100 volts out of the applied 10* volts emerge as
the energy of photoemitted electrons. Since photoemission in the
visible requires about 2 volts per emitted electron, each stage
yields some 50 emitted electrons per incident primary electron.
Note that in this arrangement the same 10* volts applied across
the first stage can be used for the second and third stages, provid-
ing the thin insulator sheets can support 10% volts without break-
down.

Figure 6.9 is essentially a duplicate of Fig. 6.8 except that the
coupling between phosphor and photoemitter is accomplished by
fiber-optic face plates. These are bundles of fine glass fibers fused
into a single block. Light entering one end of a glass fiber is confin-
ed to that fiber by total internal reflection and emerges at the other
end with negligible attenuation. The use of fiber-optic couplers

>6<I B—ofl«A BflvA Bofl=A
Y /!

A - PHOTOCATHODE
B - PHOSPHOR

Fig. 6.8. Image intensifier using direct coupled phos-
phor-photocathode elements.
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Fig. 6.9. Image intensifiers coupled
by fiber-optics face plates.

allows the several stages to be manufactured separately and,
thereby, contributes to an improved manufacturing yield. The
fiber optics also permit the use of curved photocathode surfaces
so that electrostatic focusing of the image can be achieved with
negligible distortion.

Figure 6.10 is a representative image from the output of a
three-stage image multiplier when the image tube was focused on
a night scene. The lens opening was f/1.4 and the exposure time
was 1/250 sec.

Fig. 6.10. Representative image of a three-stage image multiplier focused on a
night scene (courtesy of Richard D. Faulkner). The exposure time was 1/250 sec.
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6.3. Typical Performance of a Three-Stage Image Multiplier

The following data are characteristic of recent RCA three-
stage image multiplier tubes. The tubes are about 8 inches long
and 3 or 4 inches in diameter. The focusing is via a uniform magnet-
ic field of a few hundred gauss giving a 1:1 magnification ratio.
The overall gain is in the order of 5 x 10* photons out per photon
in. The input or first-stage photocathode has a quantum efficiency
of about 10% in the visible range.* The gain per stage is sufficiently
high (~40) to ensure that negligible noise is introduced by the
multiplication process. The resolution is about 400 television
lines/cm, or some 10° picture elements/cm?.

Finally, the dark current is of interest in setting the lowest
value of input light intensity. The dark current is in the order of 10°
electrons/cm? - sec from the first photocathode. This is the equiva-
lent of a bias light of 10® photons/cm? - sec, or 10~ 7 foot-candle on
the first photocathode. It is also of the same order as the illumina-
tion of the human retina at its absolute threshold. The 10° elec-
trons/cm? - sec also correspond to 0.1 electrons per high-light-
resolvable picture element in the visual storage time of 0.1 sec.
Alternatively, the 10° electrons/cm? - sec correspond to a resolu-
tion of some 30 lines/cm for the 0.1 sec storage time and for a 100 9
contrast in the test pattern. Lower-contrast test patterns would
yield a proportionately lower number of lines/cm.

The dark current can be markedly reduced by a modest
cooling, even to dry ice temperature.

The gain of the three-stage image multiplier is still too low to
see the trace of individual photons with the naked eye. They
should, however, be visible with a small magnifying glass providing
the phosphor decay time is less than a tenth of a second.

In summary, the image multiplier is a photon-noise-limited
device that operates with a quantum efficiency of 10 %, down to an
incident brightness of 10~ 2 foot-candle.

*Peak quantum efficiencies of modern photocathodes reach as high as 40%.
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6.4. Summary

Image multipliers have achieved a high state of technological
development and performance.

A three-stage image multiplier provides a light amplification
approaching a millionfold.

Photon-noise-limited performance with a quantum efficiency
of 10 %, can be achieved down to scene brightnesses of about 10~3
foot-lambert.
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CHAPTER 7

SOLID-STATE PHOTON
COUNTERS

7.1. Introduction

The counting of photons by photoemission into vacuum and
subsequent electron multiplication has long been an accomplished
fact. The solid-state version of the photomultiplier, using high-
field impact ionization by photoexcited carriers, has been extremely
difficult to achieve. Only some fringe evidence of its realizability
has been published in the last few years. This problem will be
discussed in more detail in Chapter 9.

The present chapter is concerned with the ability of low-
voltage devices such as photoconductors and transistors to count
individual photons. We will analyze the performance of single-
element detectors. The same detectors can, however, be arranged
in an array to form an image sensor or be used as a single-element
detector in combination with a scanning system which scans the
image past the element. Examples of the latter are the mechanical
scanning of an image across a photoconductor, the scanning of the
scene by a flying light spot, and the recent self-scanned image
sensors which use the bucket-brigade or charge-coupled principle
to feed the video signal into an MOS with a floating gate.

Good evidence for “solid-state” photon counters was cited
in the chapters on the visual process and the photographic process.
In the visual process, the “solid-state” material is the complex
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biological material rhodopsin. The mechanism for amplifying the
energy of a single photon to the energy, over a millionfold higher,
of a nerve pulse, while necessarily of some generalized catalytic
form, has yet to be delineated. In the photographic process, it is
clear that the deposition of a few silver atoms by the absorption
of a few photons in silver bromide is sufficient to trigger off the
chemical development of an entire silver bromide grain into some
10° silver atoms. In both cases, visual and photographic, the primary
photoexcitations are protected against competition from thermal
processes by the magnitude of the energy, some 2 volts, required
for excitation. After excitation, a new species is created, either a
conformal change in rhodopsin or a silver atom, which did not
exist before. Hence, it is easy to understand, in a formal sense, why
these photoexcitations can yield extremely high gains and stand
out clearly against a thermal background.

We contrast the biological and photographic processes with
the purely electronic processes required to count photons by a
photoconductor or solid-state triode. Here, again, the primary
photoexcitation is protected against thermal competition by virtue
of the 2-volt excitation energy. But, once the electron is excited, it
must give rise to a distinguishable pulse of current or charge—
distinguishable against a background of pre-existing electrons
whose presence is essential to the workings of the photoconductor
or triode. The pre-existing free electrons generate large direct
currents and smaller, fluctuating, thermally induced noise currents
whose magnitudes are normally large compared with the signal
current generated by the single additional photoexcited electron.
The problem, then, of detecting one additional photoexcited elec-
tron against a pre-existing sea of thermally generated electrons is a
delicate one. It is sufficiently delicate that the technology of modern
solid-state materials is only beginning to yield the required degree
of purity and control.

The problem of detection of single photons is closely linked
with the nature and magnitude of noise currents in solids. For
this reason the discussion begins with a treatment of noise currents.
The treatment® ! is somewhat unconventional and emphasizes
the particle, as opposed to the Fourier, aspects of noise so that
the particle noise limitations can be readily compared with the
particle detection capabilities.



Solid-State Photon Counters 123

7.2. Noise Currents and Charges

7.2.1. Thermal Noise

Consider one of the electrons in the conduction band of a
semiconductor (Fig. 7.1). In a time ¢t it will make ¢/t random col-
lisions with the lattice. 7 is the time for a single collision (~ 10713
sec). On the average, the electron will remain at its starting point
since, on the average, it makes an equal number of excursions in
the positive and negative directions. However, since these are
random collisions, there will be an rms deviation from the average
behavior, measured by the square root of the number of collisions,
that is, by (t/7)'/2. The rms departure of the electron from its starting

point is then
£ \12
d=+ < ;) ) 7.1

where [ is the mean free path per collision. The charge contributed
to the outside circuit is
ed t\'? 1
= 4 = = - — 7.2
I == L * e(t) L (7.2)
where L is the electrode spacing. The rms fluctuation in charge
Q, contributed to the outside circuit by the total number N of
electrons is N'/2q, since the individual contributions (like the
standard problem of coin tossing) are randomly positive and
negative. Hence,

1/2
Q.= N'%q, = J—“"(Nr_t) % (7.3)

N TOTAL ELECTRONS
o o o /. * o o o

XK

Fig. 7.1. Model semiconductor used for anal-
ysis of noise currents.
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The largest value of time ¢ during which the noise charge can be
accumulated is given by the dielectric relaxation time, RC, of the
semiconductor. This is the characteristic time for relaxing a charge
or electrostatic field by ohmic conduction. Hence, the largest value

of 9, is
NRC\'? |
Q,,—e< . ) I (7.4)
We make use of the following relations,
L2
Resist =R =
esistance Nep

Mobility = p = 1<
m

12
Thermal energy = kT = mv? = im —

I

Capacitance of semiconductor = C
(or total capacitance across ends of semiconductor)

to convert Eq. (7.4) into
0, = (2kTC)"? (7.5)

We note several significant features of Eq. (7.5). First, it is
independent of the resistance of the semiconductor sample. Second,
the capacitance C can be increased by adding an extra lumped
capacitance across the ends of the semiconductor. And third,
Eq. (7.5) yields the well-known expression for thermal noise cur-

rents I,
0. 2kT )”2 4kT >”2
1 = —— = —=
" RC R?C R & (7.6)

where we have taken the band with Af to be
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We will make use of Eq. (7.5), giving the thermally induced noise
charge, and also make use of a second relation for the noise charge
resulting from a random current of particles, the so-called shot
noise. This will be derived next.

7.2.2. Shot Noise

Consider two boxes 4 and B, as in Fig. 7.2, containing N,
and Nj particles, respectively, in the steady state. Let there be a
stochastic exchange current I of particles between the boxes. The
current I has a constant average value but, like photoemission, it
is subject to the usual statistical fluctuations. The current from
each box is understood also to be proportional to the number
of particles in that box. The proportionality constants are, of
course, inversely proportional to the numbers N, and Ng. In the
time ¢, the number of particles exchanged is

N, =2It
The rms fluctuation in this number exchanged is then
ON = (N)'? = (2It)'/? (7.7)
The current I can be written formally as
I= N4 = Ny (7.8)
T4 Tg

where 7, and 75 are the average lifetimes of particles in their respec-
tive boxes. Hence

N 1/2 N 1/2
5N=<2—At> =(2—Bt> (7.9)
T4 Tp
I
A B
f I
N A
A N,{

Fig. 7.2. Model used for analysis of
shot noise.
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Now we ask, what is the largest time ¢t over which particle fluc-
tuations can be accumulated in each box? The answer is that
this time is 7,, namely, the shorter lifetime. This follows from the
definition of lifetime. It is the time required for a small departure
from the average number N, (or Ng) to be relaxed via a propor-
tionately small departure from the average current I. Since these
departures are damped out faster by the smaller lifetime and since,
by conservation of particles, the magnitude of fluctuations must
be the same in both boxes, the maximum fluctuation 6N is

NA 1/2 ",
0N =(277 ) =@NyY (7.10)

A

that is, the square root of the smaller number of particles. If these
particles are electrons, the rms fluctuation in charge is

0, = edN = e(2N ,)'/? (7.11)

Equation (7.11) immediately yields the conventional expression
for shot noise by introducing the characteristic relaxation time

1
20f

and computing the noise current for one of the two exchange

currents.
1/2
I, = o, = <2eeNA L)

T4 274

TA=

= (QelAf)!?

Note that if, in Fig. 7.2, a third box C were exchanging currents
with B, and if N, also were much less than Ny, the noise charge
in B would be

Q,=e(2N, + N2 (7.12)

That is, A and C and other boxes make independent noise contribu-
tions to B providing the number of particles in B is large compared
with the sum of the particles in the other boxes. The lifetime of
particles in B must be sufficiently large that, for example, fluc-
tuations in B due to A are not relaxed by changes in current from
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B to C. Another way of stating this condition is that
> T4+ Tc+ 10+ ... (7.13)

in order to insure independent noise contributions from the sources
A, C, D, etc. to B. These considerations are important to our
analysis, below, of the masking effect of 1/ f noise currents on the
detectability of single photons.

7.3. Photoconductive Photon Counter

7.3.1. Trapfree Photoconductors

The problem is to outline the conditions under which a
photoconductor at the input of a conventional amplifier can detect
the excitation of a single free electron by a single photon.®-2
The photoconductor has a finite dark resistance which we take
to be the input resistance of the amplifier. Normally, the amplifier
can see the thermal noise of its input resistance. Hence, we only
have to derive the conditions under which the photocurrent due
to a single photoexcited electron will exceed the thermal noise
current. Actually, it is simpler to examine the problem in terms
of noise charges accumulated at the input electrode in the relaxa-
tion time of the input circuit.

In Fig. 7.3 we show the significant parameters of the input
circuit. The input resistance is taken equal to that of the photo-
conductor. Larger values would have no effect since they would
be shunted by the photoconductor. Smaller values would reduce
the signal voltage due to photocurrents faster than the noise
voltage of the lower resistance. The input capacitance C, is taken

PROTOCONDUCTOR

L ) —L > ANPLIFIER
= 7 R Ca
1

—

Fig. 7.3. Combination of photoconductor
and amplifier for photon counting.
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to be large compared with that of the photoconductor for reasons
that will become evident shortly. The input time constant of the
amplifier is then

T =RC, (7.14)
By Eq. (7.5) the input noise charge is
Q, = 2kTC,)'? (7.15)

We need only find the conditions under which the signal charge
due to one photon exceeds the noise charge.

An energy band diagram of the photoconductor is sketched
in Fig. 7.4. We show the usual ohmic contacts, a certain density
of electrons already present in the dark, and a density of states,
lying well below the Fermi level, out of which the photon excites
a free electron. We have omitted the shallow trapping states
normally present in every semiconductor. These will be introduced
following the present argument. We further assume that the life-
time of a photoexcited electron against recombination can be
freely adjusted and we take it equal to the RC , time of the amplifier.
Larger values would yield no more photocharge in the time
t = RC,, and smaller values would yield less.

The signal charge due to one photoexcited electron is then

7

Q= e (7.16)

r

where T, is the transit time of a free electron across the photo-
conductor. Since the transit time can be decreased by increasing
the field across the photoconductor, one might think that there

hy

> o o lo- o -

1[I

Fig. 7.4. Ideal photoconductor for photon
counting.
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is no constraint to making the signal charge Q, exceed the noise
charge Q,. The fact is that there is an upper limit to the field that
can be applied without increasing the conductivity of the photo-
conductor in the dark. This is the phenomenon of space-charge-
limited currents in solids. When the charge on the anode exceeds
the total charge of the free carriers in Fig. 7.4, the anode injects
additional free charge into the volume of the photoconductor to
match its own charge. Hence the dark conductivity increases.

The dark conductivity, then, sets the upper limit of the field
that can be applied across the photoconductor. We can increase
this field by choosing a higher dark conductivity. This would, of
course, result in a smaller value for 7.

A brief argument shows that the field at the onset of space-
charge-limited currents yields a transit time equal to the RC,
product for the photoconductor. The condition for space-charge-

limited currents is
K& = 4nnelL (1.17)

where & is the field, K is the dielectric constant, and n is the density
of free electrons. We multiply both sides by the mobility x and
rearrange factors to obtain

K L

= 7.18
4nnepy S (7.18)

The left-hand side is the RCp product of the photoconductor; the
right-hand side is the transit time for a free electron.
Hence the signal charge of Eq. (7.16) can be written

0.—e T . T eCA
" "T. " "RC, Cp
where G is the photoconductive gain of the photoconductor. We

now equate this charge to the noise charge of Eq. (7.15) to obtain
the lower limit of gain required for the photoconductor

= ¢G (7.19)

1
Gz (kTC,)"

or

Gz 2kz“2c,, (7.20)
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Alternatively, we can solve for the lower limit of conductivity ¢
for the photoconductor

4
G = eRTC ~ 10%»% > (2kTC,)"?
P
or
2 12
g = 10—125@)_ Z (7.21)

4ne T

where 1/7 s the fastest rate at which single photons can be separately
detected.

A representative value for the gain G from Eq. (7.20) is 103,
assuming room temperatureand C, = 10~ '! farads. Similarly. from
Eq. (7.21),

-9
o> (ohm-cm) !
T

Thus, for example, the conductivity of the photoconductor should
be greater than 10”2 (ohm-cm)~! in order to count photons at
the rate of 10%/sec.

7.3.2. Trapping Effects

The introduction of shallow traps, those lying between the
Fermi level and the conduction band, does not alter the argument
carried out in the preceding section. The key expression was the
signal charge passed through the photoconductor due to one
photon at a voltage across the photoconductor sufficient for the
onset of space-charge current flow. That is, in Eq. (7.16)

where 1 is the lifetime of a free electron. t is also the response
time of the photoconductor in the absence of traps. T, is the transit
time of a free electron at the onset of space-charge-limited current
flow. The introduction of shallow traps causes the response time
to exceed the lifetime by the relation

Tyite = ni Tresp (7.22)
n

t
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where n, and n, are the densities of free and trapped electrons,
respectively. The presence of traps also increases the voltage at
which space-charge-currents set in, since the applied field must be
sufficient to double the density of both the free electrons and trapped
electrons with which they are in equilibrium. Hence, the transit
time, which by Eq. (7.18) in the trapfree case was equal to the
ohmic relaxation time RCp of the photoconductor, is now given by

T =Y Re, (7.23)
n

t

Insertion of Egs. (7.22) and (7.23) into Eq. (7.16) yields

— Tresp (nf/nt) — Tres _ Q
Os=eg Cotnon) =~ “RC; = T, (7.24)

namely, the same result as in Eq. (7.19) for the trapfree case. Hence,
Eqgs. (7.20) and (7.21) which define the gain and conductivity for
a trapfree photoconductor are also valid for the photoconductor
with shallow traps.

The discussion thus far has assumed that the only noise to
be surmounted is the thermal noise of the resistance of the photo-
conductor. This would certainly be true for the trapfree photo-
conductor. On the other hand, the introduction of traps is likely
to bring with it an excess noise associated with some kind of trap-
ping process. In general, as the voltage across a photoconductor
or semiconductor is increased, an excess noise is introduced whose
mean squared noise current per unit bandwidth varies as f~'.
While this behavior is universal, the identification of the noise
sources in a particular device has been difficult and subject to
considerable disagreement. We will cite one likely source in the
discussion of MOS triodes below. First, it will be useful to analyze
the formal character of 1/ f noise sources in such a way that their
competition with the detection of single photons can be readily
assessed.

7.4. An Analysis of 1/ Noise

Consider, as in Fig. 7.5, that the free electrons of a semi-
conductor are in equilibrium with a smaller number N of trapped
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Fig. 7.5. Model used for analysis of excess
noise arising from a single set of trapped
electrons.

electrons whose lifetime in traps is 7. There will then be an exchange
current
. 2N

i (7.25)

T
between the free and trapped electrons. There will also be a cor-
responding noise component of this current (see Section 7.2)
2N 1/2
i, = N~ (7.26)
T
In the external measuring circuit, the observed noise current cor-
responding to Eq. (7.26) will be
Ge(2N)'/?
I, = Ge@N) ™ (7.27)
T
since each electron generated from the trapped to the free states
contributes a charge to the external circuit
T Vu

Ge:e?ze 2

r

(7.28)

during its lifetime 7. T, is the free-electron transit time across the
semiconductor. Note that the lifetime 7, for the reasons given in
Section 7.2, is referred to the smaller group of electrons, namely,
the trapped electrons.



Solid-State Photon Counters 133
The mean squared current of Eq. (7.27) can be written
2,2
= 4G*e*N

2 A (7.29)

where Af(= 1/27) is the passband required to resolve the time
interval 1. Or, using Eq. (7.28) for Ge, the spectral density of the
noise current is

12 4V?u2e’Nt

Af J5s
and as shown in Fig. 7.6, is a flat spectrum cutting off at f = 1/27.

In order to fabricate the 1/f noise spectrum, we add other

trapped-electron noise sources as in Fig. 7.7. Here, each source
has the same number of trapped electrons N, but their lifetimes
in traps are 1, 21, 41, etc. Hence, each source contributes a mean-
squared-noise amplitude a factor of 2 higher than the preceding
source but extending only to a cutoff frequency a factor of 2 lower.
The sum of the contributions of these noise sources is shown in
Fig. 7.8 and is approximately described by Eq. (7.30) rewritten in
the form

(7.30)

12 V2 2,2

g BC

Af rf
where f = 1/21. Equation (7.31) is the envelope of the sum of the

contributions from the set of discrete sources. The set of discrete
sources was chosen for ease of exposition and, as well, to define

N (7.31)

log In2/Af

=
T

Fig. 7.6. Flat noise spectrum resulting from
a single set of trapped electrons.

log f
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Fig. 7.7. Model for 1/f noise consisting of multiple sets of
trapped electrons with different trapping times.

the key parameter N. A smoothed-out distribution of sources
would satisfy Eq. (7.31) directly.

The parameter N is the number of trapped electrons per
“time slot.” The time slot is the range of lifetimes 121, 2141, etc.
In this way, one has a highly compact and graphic way of thinking
about a variety of possible 1/ f noise sources and of quantitatively

107

=N

L 1 1
102 103 10% 10° 108

f—e

Fig. 7.8. 1/ f noise spectrum constructed from noise sources in Fig. 7.7.
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evaluating their noise contributions. Note that even when the
source of 1/ f noise is not trapped electrons, the observed spectrum
can be analyzed by Eq. (7.31) to give the “equivalent number of
trapped electrons.”

An immediate example of the convenience of this designation
is the fact that the fluctuation in the number of trapped electrons
for a passband from f] to f, is (see Section 7.2)

O0N =| Nlo & v
= g2 7 (7.32)

1

or the square root of the number of trapped electrons that lie in
the frequency range f,—f,. By conservation of particles, this is also
the fluctuation in the number of free electrons. Hence, if our goal
is to detect a single added free electron due to a single photon, it
is necessary that the noise fluctuation in the number of free carriers
be less than unity. This means that N < 1 and that N be even
smaller 1

N < log (/701

That is, the total number N of trapped electrons per time slot in
the device must be less than unity. This is indeed a stringent demand
on the purity of materials. The measure of its achievement is most
likely to be found in the state of the art of MOS triodes since
there is a high concentration of effort on the reduction of 1/f
noise in these devices and since the technology of silicon is one of
the most highly developed of all solid-state materials. The noise
and photodetection properties of the MOS, operated with a
floating gate, are completely parallel with those of the simple pho-
toconductor which were discussed in the preceding section. The
channel of the MOS plays the role of the photoconductor.

(7.33)

7.5. Photon Counting by MOS Triodes

Figure 7.9 shows schematically the parts of a floating-gate
MOS (metal-oxide-semiconductor) triode. The channel electrons
are induced by the positive bias charge on the gate. The voltage on
the gate is a measure of the number of channel electrons and is
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Fig. 7.9. Schematic diagram of a floating-gate MOS
(metal~oxide-semiconductor) for detecting single charg-
es or photons.

also equal to the potential drop along the channel. The channel
current is accordingly proportional to the square of the voltage
drop along the channel just as it would be for the space-charge-
limited current in a photoconductor.

The problem is to determine the conditions under which the
addition of a single charge on the gate can be detected. There are
various ways that a single photogenerated charge can be added
to the gate. In particular, the principle of charge transfer by charge-
coupled electrodes can put a photogenerated charge on the gate
for a fixed time 7 and then remove it. During the time 7, the gate
is floating. The effect of adding a single charge to the gate for a
time 7 is to add a single charge to the channel for the same time.
But this operation is the complete equivalent of a photoexcitation
in a photoconductor where a single extra electron is added to the
conduction band for a time equal to the lifetime of a photocarrier.
In both cases, MOS and photoconductor, the added charge causes
a signal charge

0, = e% (7.34)

r

to flow through the device. And in both cases, the signal charge
must be detected against a background noise charge due to the
resistance of the channel (or photoconductor)

0, = (2kTCy)'"? (7.35)
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where RC, = tis the input time constant of the amplifier to which
the MOS or photoconductor is connected. With Egs. (7.34) and
(7.35) as the starting point, the conditions for the detection of a
single photon are the same for the MOS as for the photoconductor,
namely,

1
G = ;(2kTCA)1/2 (7.36)
Since* RC c
T 4 A
= = =4 7.37
°“T7R Tq, 737
where C, is the gate capacitance, Eq. (7.36) can also be written
Gz 2k;l;Cg (7.38)

For C, = 10~ '* farad, the gain G is = 4 x 10°.

We conclude here again, as for the photoconductor, that if
the only noise to be surmounted is the thermal noise of the channel
resistance, the conditions for counting individual photons are
easily met.

But the MOS also displays a 1/f noise spectrum and its
effect, as for the photoconductor, is to mask the detection of single
photons when the number of trapped electrons per “time slot”
exceeds unity. There is a reasonably well documented source for
1/ f noise in the MOS such that the number of trapped electrons
per time slot can be given a simple meaning. The noise model
was first proposed by McWhorter™1) and is shown schematically
in Fig. 7.10 which shows a cross section of the channel and its
adjacent SiO, layer. Also shown are electrons trapped in the
volume of the oxide and at the energy level of the silicon conduction
band. The trapped electrons communicate with the channel by
tunneling. It turns out numerically that the tunneling probability
(for a potential barrier of several volts) decreases by a factor of 2
for each increase in distance from the channel of about 2 A, that
is, for each atomic layer. The time required for tunneling is the
lifetime appropriate to the traps on succeeding atomic layers, and
corresponds to the series of 7’s in Fig. 7.7. Hence, a uniform
distribution of traps extending some 40 A into the oxide can account

* Note that T, = I?/V,u and RC, = (I}/V,C,u) C, = */V,u.
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Fig. 7.10. Tunneling model for 1/f
noise in an MOS structure.

for a 1/f noise spectrum extending over a frequency range of
229 or about 10°.

Of particular interest is that the parameter N in Eq. (7.31)
for the 1/ fnoise spectrum can be read directly as the total number
of traps per atomic layer of oxide per energy slice kT for the area
of channel facing the oxide. The criterion for photon counting,
N « 1, then means a volume density of traps near the surface of
the oxide less than 10'*/cm3 - kT, or a surface density of traps per
atomic layer of less than 10%/cm? - kT. We have used a channel
surface area in contact with the oxide of 10~ ¢ cm?. Some recent
data of Fu and Sah™"! give measured trap densities near the
oxide surface of 10'4-10'®/cm3 - kT depending on the gate bias
and, in some cases, on the distance from the oxide surface. Thus,
the prospect of detecting single photons is at present marginal
but not to be ruled out as the technology of silicon—silicon oxide
interfaces improves.

A simpler and more accessible way of assessing the parameter
N is to measure the frequency at which the 1/f noise spectrum
intersects the thermal noise. This intersection is obtained by equating
the thermal noise to the 1/ f spectrum given by Eq. (7.31)

4kT  4V?u’e?

= BN (7.39)
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We make use of the relations

LZ
R =
N rep
and
VvC
N, = g
s e

where N ; is the total number of electrons in the channel, to convert
Eq. (7.39) into
Ve’u

KTEC, (7.40)

f=

Note that Eq. (7.40) with N = 1 is also the criterion for detecting
a single photon above the thermal noise [ Eq. (7.38) | since a single
trapped electron with a lifetime t = 1/2f has the same effect as a
single electronic charge held on the gate for a time 7. To confirm
this we rewrite Eq. (7.40) as

Vu t© . kTC,
Q—l?j—"_?_G_— (7.41)

Except for a numerical factor, which arose in part from the sum-
ming of the 1/ fnoise sources and does not appear in “the detection”
of single photons, Eq. (7.41) matches Eq. (7.38).

It is useful to compute f in Eq. (7.40) for N = 1 and for a
representative set of values for the remaining parameters: V=5
volts, 4 = 10® cm?/volt-sec, L= 2 x 1072 c¢m, and C, = 107>
farad. Then, f = 10°/sec.

Data reported by Klaassens®-1 on MOS devices of comparable
dimensions show the 1/f spectrum intersecting the flat portion
of the noise spectrum at about 10° Hz. Hence, the evidence again
points to the present state of the art as being tangential to the
refinement needed for the detection of single photons.-!)

7.6. Non-Photon-Counters

The photoconductor, shown in Fig. 7.4, and the MOS triodes
are both capable, in principle, of detecting single photons. The
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phototransistor (Fig. 7.11) is fundamentally incapable of single
photodetection.®-?) The same would be true of a photoconductor
if the states out of which the photoelectron was excited were
located at the Fermi level instead of well below it, as shown in
Fig. 74.

The reasons for these statements are the same reasons which
govern the visibility of 1/f noise over and above thermal noise.
The signal charge due to an extra electron, whether it be photo-
excited or generated from one of the 1/ f noise sources, increases
linearly with the field across the device. In particular this charge
is given by . Vi

Qu=eq=cp

r

As the voltage is increased, the signal charge increases, but the
thermal noise charge [Eq. (7.5) ]

0, = kTC)"2

remains constant. At some voltage, then [see Eq. (7.39) ], the signal
charge exceeds the thermal-noise charge and single photons can
be detected. The essence of this argument depends on the extra
signal electron being generated from a source which is different

o}

Fig. 7.11. Bipolar phototransistor showing a
common origin for thermal electrons and photo-
electrons in the base.
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from and has a longer lifetime than the source for the thermal electrons.

If, on the contrary, the signal electron comes from the same source
as the thermal electrons, the applied field enhances the contribu-
tion of both to the same degree, since they both have the same
lifetimes.

In the phototransistor, the thermal electrons in the base have
the same lifetime as the photoexcited electron since they are both
excited from the valence band. Hence, the noise charge as well as
the signal charge is multiplied by the same gain factor

T tkTu

C=T~ W

and a signal electron can not be detected. In fact, it must compete
with N2 noise electrons where N is the number of electrons
(minority carriers) in the base of the n—p—n transistor.

So also, in a photoconductor, if the photoelectron is excited
out of states lying at the Fermi level, it has the same lifetime against
recapture as the thermal electrons. Under an applied field, both
the signal electron and the noise electrons are multiplied by the
same gain factor

The number of noise electrons is N'/2, where N is either the total
number of free electrons or the total number of electrons in the
states at the Fermi level, whichever is smaller.

In the photoconductor shown in Fig. 7.4, the thermal electrons
originate from shallow donors and show negligible fluctuation in
their numbers. Their effective lifetime, for noise purposes, is (see
Section 7.2) their collision time with the lattice (~ 1073 sec)
which is much smaller than the lifetime of photoexcited electrons.
The effective lifetime of the thermal electrons is their average time
of residence in the category of electrons moving to the right or to
the left. It is fluctuations in the numbers in these two categories
that generate the thermal noise. Neither the lifetime nor the charge
contribution el/L, where [ is a mean free path, are affected by the
applied field until the applied field is large enough to significantly
enhance the thermal energy of the electrons.
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7.7. Summary

Properly designed photoconductors and MOS triodes with
floating gates can, in principle, detect single photons or single
electron charges. In order to realize this counting ability, the
sources of 1/ fnoise must be reduced to the level at which less than
one “trapped” electron, whose lifetime lies in the neighborhood
of the counting frequency, can be present in the device.

A model for 1/ f noise is outlined in terms of particle concepts
that are convenient for evaluating the effect of 1/f noise on the
ability to detect single photons. The measure of the magnitude
of 1/ f noise is a parameter N defined as the number of “trapped”
electrons per time slot. A time slot refers to a factor of 2 range in
the lifetime of trapped electrons.

It is shown that devices in which the photoelectron is excited
from the same states out of which the thermal electrons originate
cannot, in principle, detect single photons unless the thermal
noise charge (2kTC)? is less than the charge of one electron. At
room temperature this leads to the unrealistic device capacitance
of 1078 farad or 107 cm.
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CHAPTER 8§

SOLID-STATE PHOTO-
GRAPHIC SYSTEMS,
LIGHT AMPLIFIERS, AND
DISPLAY SYSTEMS

8.1. Introduction

There is clearly a redundancy in the title of this chapter. A
photographic system, for example, is also a light amplifier and a
display system. On the other hand, the literature tends to classify
a wide range of devices according to whether their primary func-
tions are photographic, amplifying, or display. The common trend
in all of the devices is that, with few exceptions, the input light is
absorbed by a layer of photoconductive material and the resultant
changes in conductivity, charge, or voltage are used in conjunction
with a second mechanism to form an image. This chapter explores
the fundamental limitations on the sensitivity of such photo-
conductive layers.

Photoconductors have appeared to offer generous possibilities
for high-sensitivity devices by virtue of the known fact that a
weak incident stream of photons can give rise to a large stream
of electrons passing through the photoconductor. This photo-
conductive gain (the ratio of the current of electrons to the current
of photons) has been observed to reach values as high as 10° in

143
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some sensitive photoconductors such as cadmium sulfide. The
attempts to utilize the high photoconductive gains in actual image-
forming devices in order to reduce the required optical exposures
have met with a stubborn lack of success. The reasons are funda-
mental and form the major content of this chapter.

8.2. Blocking Contacts

We begin with the simplest photoconductive arrangement, a
photoconductor with blocking contacts (Fig. 8.1). Here a voltage
is applied to the photoconductor via contacts that do not allow
electrons or holes to enter the photoconductor. The same elec-
trodes can, on the other hand, readily accept electrons and holes
from the photoconductor. The result is that the absorption of one
photon can, at most,* give rise to one electronic charge in the
outside circuit, that is, a photoconductive gain of unity. In spite
of the restriction to unity gain, this class of photoconductors has
been widely and successfully used in imaging devices.

The blocking contacts can be formed in a variety of ways.
The back-biased p—n junction is, perhaps, the best known structure
(Fig. 8.1a). The use of metal contacts (Fig. 8.1b) with a high work
function (potential barrier) at the cathode and a low work function
at the anode can achieve the same results. The supply of electrons
from the cathode and holes from the anode can be vanishingly
small. An electrolytic contact (Fig. 8.1c), in the absence of chemical
reactions at the electrode surfaces, forms one of the most effective
blocking contacts. As is evident in the figure, the electrons are
attached to the negative ions and lie energetically far below the
conduction band. Similarly, the holes, which are attached to the
positive ions, lie energetically far above the valence band. A varia-
tion on the principle of electrolytic contact is the use of a glow
discharge to deposit negative ions, or positive ions, on the surface
of the photoconductor (Fig. 8.1d). The highly blocking contacts
achieved on zinc oxide in the Electrofax and on amorphous

* We postpone until the next chapter a discussion of the possibility that the
photoexcited electron can, by impact ionization under high fields, give rise to
a large number of secondary electrons.
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selenium in the Xerographic arrangements for office copiers are
classic examples. Finally, thin layers of insulator can obviously
be used to form blocking contacts (Fig. 8.1c). Here, however, only
transient, and not steady-state, photocurrents can be observed.

The virtue of the blocking contacts, as contrasted with the
ohmic contacts discussed below, is that they can combine an
arbitrarily high insulation (low dark current) with a fast response
to light. The latter is determined by the transit time of charge
carriers between the electrodes.

8.3. Sensitivity Aspects of Blocking Contacts

The photosensitivity of photoconductors with blocking con-
tacts is limited to at most one electronic charge per absorbed
photon. In a typical arrangement, shown in Fig. 8.2, a photo-
conductor and an adjacent insulating electrooptic material form
a sandwich between two electrodes. In the absence of signal light
on the photoconductor, the field is approximately the same in the
photoconductor and electrooptic layer and is adjusted so that it
is below the threshold for showing a significant electrooptic effect.
The action of light on the photoconductor is to reduce the field
in the photoconductor and increase it in the electrooptic layer.

ELECTROOPTIC
MATERIAL
PHOTOCONDUCTOR

LI 4

+ +

¥

SIGNAL !

LIGHT ——i— =] INAGE LIGHT NODULATED
Y REFLECTION,

TRANSMISSION,
SCATTERING OR
POLARIZATION

+++ ++ +

[~ REFLECTING
INTERFACE

Fig. 8.2. Schematicarrangement for display device
using a photoconductivity-controlled electrooptic
material.
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If the thickness and dielectric constants of the two layers are
comparable, the number of photons required to transfer sub-
stantially all of the field to the electrooptic layer is given closely
by the initial applied field itself. That is, the initial charge in

5 -
electronsfcm” is N = 6 x 10°K& electrons/cm? (8.1)

where K is the dielectric constant and & the electric field in volts/cm.
The photographic exposure in photons/cm? required to shift the
field is also given by Eq. (8.1). Since electrooptic materials com-
monly use fields in the neighborhood of 10° volts/cm, the exposures
are commonly of the order of 10!3 photons/cm?2. This exposure
is some 103 times larger than that needed for a sensitive photo-
graphic film. The photographic exposure itself is some 10% times
larger than it would be if the effective quantum efficiency of film
were 100 9 rather than its current value of 1 9. This excess exposure
does have certain virtues. It leads, in principle and in practice
also, to very high resolution displays of the kind needed for holo-
graphic purposes.*

The direction in which higher sensitivity is to be achieved is
clearly in the direction of lower electric fields. Either the total
field across the sandwich must be reduced or the fraction of field
needed to be transferred from photoconductor to electrooptic
layer must be reduced. In either case, the electrooptic layer must
be capable of operating at significantly lower fields or changes in
field.

The office copying arrangements (Fig. 8.3) using amorphous
selenium (Xerox)®-2 or fine-grained zinc oxide powders (Electro-
fax)¥-1 both operate with initial fields of about 10° volts/cm and

* Note that in this chapter we are using the term sensitivity in its common mean-
ing, namely, the reciprocal of the magnitude of the photographic exposure.
It is not the same as quantum efficiency. In order to determine the quantum
efficiency, we would need to know the signal-to-noise ratios of the various
display devices. These data are not yet available. Alow sensitivity (large exposure)
in this chapter may very well correspond to a high quantum efficiency if the
resultant display has a high signal-to-noise ratio and correspondingly high
resolution. See, for example, T. L. Credelle and F. W. Spong, Thermoplastic
media for holographic recording, RCA Rev. 33, 206-225 (1972) for an illustration
of the combination of high resolution, high quantum efficiency, and large photo-
graphic exposures.
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Fig. 8.3. Electrophotographic system for of-
fice copiers.

with exposures that reduce these fields to substantially zero. Their
exposures are normally about 10'? photons/cm?2. Some improve-
ment in sensitivity has been achieved by discharging only a fraction
of the initial charge and developing the resultant charge pattern
using a null method®-" (Fig. 8.4).

Liquid-crystal light valves (Fig. 8.5),"-1:5-2) operate with
fields in the range of about 10* volts/cm and should operate with
exposures of about 10'! photons/cm?, that is, well below the
range of office copiers.

The most sensitive use of photoconductors with blocking
contacts is to be found in the television camera tubes of the vidicon
class (see Chapter 3). Here the field across the photoconductor
ranges from 10* to 10° volts/cm. However, the change in field
required to transmit a good picture is only 10 volts/cm, or about
1 volt across a layer 10 um thick. While the exposure, 10'° photons/
cm?, is comparable with that for sensitive photographic film, the
signal-to-noise ratio of the transmitted picture is several times
larger than that for the film and corresponds to an effective quantum
efficiency of about 10%,. The photo process, itself, has a quantum
efficiency of close to 1009,. The noise, however, is that of the
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Fig. 8.4. A null-system variation of Fig. 8.3.
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amplifier and is several times larger than the noise inherent in the

photon flux.

The photoconductors that have shown good performance in
the blocking contact mode in vidicons* are lead oxide, amorphous
selenium, back-biased silicon p—n junction arrays, and, more
recently, cadmium selenide with a thin layer of insulator which
blocks the entrance of electrons from the beam but transmits

INAGE
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Fig. 8.5. Display system using liquid-crystal
light scatterer.

* See Chapter 3 for references.
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holes leaving the cadmium-selenide layer. The most widely used
material, currently, is lead oxide. In the case of lead oxide and
amorphous selenium, the surface layers exposed to the scanning
beam must contain deep lying electron traps which capture the
beam electrons and prevent them from entering the volume of the
layer.

8.4. Ohmic Contacts

The use of ohmic contacts on a photoconductor permits the
achievement of extremely high current gains or charge gains. As
many as 10° electrons can be passed through the photoconductor
per absorbed photon. Figure 8.6 shows the nature of an ohmic
contact and the principle of the photoconductive gain.

In contrast to the blocking contact, the ohmic contact supplies
a reservoir of electrons ready to enter the photoconductor as
needed. In the dark, the current of electrons leaving the photo-
conductor is equal to the number of electrons in the photoconductor
divided by their transit time. The ohmic contact replaces these
electrons at the same rate at which they leave so that the density
in the photoconductor is maintained constant. If the voltage
across the photoconductor is, for example, doubled, the electrons
leave at twice the previous rate, and the ohmic contact supplies
the replacements at twice the previous rate. At this point one
might ask what keeps the ohmic contact from supplying more

Fig. 8.6. Model for photoconductor with photo-
conductive gains greater than unity.
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electrons than are needed to support the ohmic currents. What
keeps the reservoir of electrons at the cathode from entering the
volume of the photoconductor and making it highly conducting?

The answer is that an excess of electrons does, indeed, begin
to enter the photoconductor. To the extent that these extra electrons
enter, they represent a negative charge in the previously neutral
photoconductor. A charge in the volume of any material is dis-
sipated in an ohmic relaxation time given by the conductivity of
the material.

Ty = 10712 £sec (8.2)

4no

where ¢ in the conductivity in (ohm -cm)~ ! and K is the dielectric
constant. If the material is not connected to any fixed potential
source, the volume charge ends up at the surface of the material
in the relaxation time and is so distributed as to yield zero electric
field within the volume. If the material is contacted by one or
more electrodes connected to ground or to a battery, the charge
exits via these electrodes. Thus, as the excess charge tries to enter
the volume from the reservoir at the cathode, it is dissipated to
the electrodes in a relaxation time. If the relaxation time is small
compared with the transit time, the charge is rapidly dissipated
before it makes any significant penetration of the interelectrode
spacing. In this way, the ohmic contact is able to supply exactly
as many electrons as are needed to replace those leaving the photo-
conductor due to an ohmic flow of charge.

The pattern outlined above describes the so-called ohmic
range of currents—a range in which the current is proportional
to the voltage.

If, now. the voltage is increased to the point that the transit
time becomes less than the relaxation time, an excess charge from
the reservoir does, indeed, enter and occupy the volume of the
photoconductor. The total amount of this charge Ne is governed
by the field at the anode by a relation like that of Eq. (8.1)

K
Ne = —
e 4115

N = 6 x 10°K& electrons/cm? (8.3)
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Asin Eq. (8.1), this is the sheet charge density required to terminate
the field lines from the anode. In this regime, where the reservoir
supplies excess charge to the interior, the current increases as the
square of the voltage since the voltage both decreases the transit
time and increases the volume density of charge carriers. The
currents in this regime are called space-charge-limited currents.

The phenomenon of space-charge-limited currents imposes an
important constraint on the operation of photoconductors.®-!)
Usually a system is designed so that, in the dark, the photoconductor
has sufficient insulation to store charges for a significant time,
often in the range of seconds. The effect of light is then to release
the charge in the lighted areas while the charge is still maintained
in the dark areas. For this reason, a photoconductor whose resis-
tivity has been chosen properly for charge storage in the dark can
not be operated at fields high enough to invoke space-charge-
limited current flow. At such high fields, the conductivity of the
photoconductor is increased by the applied field to the point that
the charge pattern leaks off in the dark in times too short for the
proper functioning of the device. This constraint on the maximum
applied field becomes also a constraint on the maximum photo-
conductive gain.

Returning to Fig. 8.6, the mechanism of photoconductive gain
is shown schematically. A free electron is created by a photon
from some fixed center. The free electron passes to the anode
leaving behind a positive charge. The positive charge is neutralized
by an extra electron from the reservoir at the cathode. The replace-
ment electron also passes to the anode and is followed by another
replacement electron. This process continues until one of the free
electrons is captured by the fixed positive center.*

The number of charges passed per photon is the photoconduc-
tive gain and is

G=— (8.4)

* A more accurate description leading to the same result is that a statistical
excess of one free electron remains in the neighborhood of its point of generation
for a time equal to its lifetime. During this period t/T; extra charges are passed
through the photoconductor owing to its increased conductivity.
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where 7 is the lifetime of the extra electron or, what is equivalent,
the lifetime of the positive center. T is the transit time of a free
electron and L

T=_—
ép

From Eq. (8.3), the maximum field that can be applied short of
the space-charge-current regime is

4n 47

6= -—Ne =—neL i

X Ne X ne (8.6)
where n is the volume density of free electrons in the dark. Combina-
tion of Eqgs. (8.4), (8.5), and (8.6) then yields for the maximum gain,
short of the space-charge-current regime

(8.5)

G = T _ T _ T _ T

T (@4n/K)ney (@n/K)o 1.

In Eq. (8.7), 7 is both the lifetime of a photoexcited electron and

the response time of the photoconductor to light. That is, in the

absence of shallow traps, the photocurrent will reach a steady-
state value in 7 sec after the start of illumination.

The introduction of shallow traps has two effects, as already
discussed in Chapter 7 [see Eq. (7.24) ]. The shallow traps increase
the response time relative to the lifetime so that

n

- — 8.8
T T resp n, ( )

(8.7)

where n, is the density of shallow-trapped electrons. Also, the
shallow traps allow a higher applied field before the advent of
space-charge-limited currents. The applied field must now be
sufficient to double not only the density of free electrons, but also
the density of trapped electrons which are in thermal equilibrium

with the free electrons. Hence, at this higher field,
T=1.4— (89)

t

Insertion of Egs. (8.8) and (8.9) into Eq. (8.4) then yields
G = ‘ree (8.10)

Trel
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That is, the maximum gain before the advent of space-charge-
limited currents is the ratio of the response time of the photo-
conductor to its ohmic relaxation time, just as in Eq. (8.7) for a
trapfree material. There are special trap distributions that can
yield a somewhat larger gain than that given by Eq. (8.10). We
will return to these later. For the present, Eq. (8.10) forms the basis
for discussing the sensitivity of imaging devices using photo-
conductors with ohmic contacts.

8.5. Sensitivity Aspects of Ohmic Contacts

We will consider several representative arrangements using
photoconductive layers having ohmic contacts and show that their
sensitivity under the constraints of actual use is the same as that
achieved by photoconductive layers having blocking contacts.®®-2)
Sensitivity is measured here by the optical exposure in photons/cm?
required to form a picture. This will turn out to be given by the
electric field (or a fraction of it) across the photoconductor, just
as was the case for blocking contacts.

The simplest example is the photoconductive layer used in
the vidicon type of television camera tube. This layer must satisfy
two conditions. The first condition is that its insulation in the
dark must be sufficient to store charges for the time required to
scan the target with the scanning beam. In this way, the full com-
plement of charges accumulated by the light on any picture element
in the time between successive scans is retained. The second
condition to be satisfied is that the photoconductivity excited by
the light must not persist more than one scan time (1/30 sec). If it
did persist for longer times, the camera would not be performing
its functions of providing 30 independent pictures per second.
Objects in motion would be objectionably blurred.

These two conditions define the parameters in Eq. (8.10). The
first condition requires that the dielectric relaxation time 7, be such

that \
T rel % 30 S€C

The second condition requires that the response time of the photo-

conductor be such that <1
Tresp = 3¢ S€C
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The combination of these two conditions then yield the photo-
conductive gain G <1

Stated in other terms, the use of a photoconductor with a gain
greater than unity would lead to response times longer than 1/30
sec and would transmit objectionably blurred pictures.

These conclusions have been amply confirmed by numerous
unsuccessful attempts to use high-gain photoconductors in vidicons.
The only successful vidicon making use of a photoconductor with
ohmic contacts is that in which Sb,S; forms the photosensitive
target. Here, the operating sensitivity corresponds at best to a
photoconductive gain of unity. The optical exposure for a reasonably
good picture is in the order of 10'° photons/cm? corresponding
to a change in field of 103 volts/cm.

A second class of devices makes use of a photoconductive
resistance in series with some picture-producing layer or process.
We use the term resistance in contrast to a charge-storage layer.
The resistivity is too low for the full storage of charge during the
time of the optical exposure. What is stored for this period is the
photoconductive state, namely, the enhanced conductivity provoked
by light.

One example of this arrangement is the light amplifier con-
sisting of a photoconductive layer in series with an electrolumi-
nescent layer.®-1 An ac voltage is applied across the combination.
In the dark, the ac voltage is predominantly across the photo-
conductor. Under illumination, it is shifted to the electroluminescent
layer. The impedance of the latter is largely capacitive. Another
example is the combination of a photoconductive layer in series
with a liquid-crystal light valve. The liquid-crystal light valve in
this case is thought to vary its reflectivity or transmission as a
consequence of a turbulence provoked by the passage of current.
A third example is the photographic process in which the photo-
conductive layer is in series with an electroplating solution.*
The incidence of light on the photoconductor permits an electro-

* A commercial arrangement in which silver is plated on to the surface of a layer of
zinc-oxide photoconductor has been developed by Minnesota Mining and
Manufacturing Co.
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plating current to deposit metal ions on the surface of the photo-
conductor.

In each of these examples, it is clear that, in order to get a
picture of reasonable contrast, the optical exposure must at least
double the dark current in the photoconductor. In a linear device,
one for which the light output is proportional to the current
through the device, the doubling of the current by light would
yield a contrast of light to dark areas of only 2:1. For a nonlinear
device in which the light output varies as I”, a doubling of the
current would yield a contrast of n:1. Since the contrast in a good
quality picture is likely to be in excess of 10:1, it is unlikely that
this can be achieved with exposures less than that needed to double
the dark current. To do so would require a nonlinearity such that
the light output varied as I", where n > 10. Furthermore, the onset
of the nonlinearity would have to be uniform over the surface of
the device to the extent that the onset current could not deviate
by more than the fraction 1/n. While all of this is, in principle,
possible, none of the manifold arrangements for making pictures
has approached such high values of n and such highly uniform
values of nonlinearities.

Accordingly, our estimate for the optical exposure required
to form a picture is based on a doubling of the dark current.

We begin with the assumption that the electric field across
the photoconductor is just sufficient for the onset of space-charge-
limited currents. In this way one can achieve the highest photo-
conductive gain without reducing the resistivity of the photo-
conductor. The electric field [see discussion of Eqgs. (8.8)—(8.10)]
is then related to the total free and trapped charge by

N =(n+ n)L=6 x 10°K¢& electrons/cm? (8.11)

where n and n, are the volume densities of free and trapped electrons,
respectively, and N is their equivalent sheet density for a photo-
conductor of thickness L.

But, Eq. (8.11) also defines the exposure in photons/cm?
required to double the dark current since the number of photons
must be sufficient to double both the free- and trapped-electron
densities. Hence, as in the case of blocking contacts, the optical
exposure is determined by the electric field across the photo-
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conductor. The optical exposure does not depend on and is not
reduced by the high gain properties of the photoconductor.

If the field across the photoconductor were less than that
required for the onset of space-charge-limited currents, the optical
exposure required to double the dark current would not be altered,
but the photoconductive gain would, of course, be reduced. Fields
higher than this threshold are ruled out since, by assumption, the
resistivity of the photoconductor was chosen to fit the constraints
of the device and can not be altered.

We turn now to a third category of devices in which a relatively
insulating photoconductor and an insulating electrooptic material
form a sandwich between two electrodes. The electrooptic material
can be a field-dependent doubly-refracting material, a ferroelectric,
or a deformable organic layer or other light-modulating material.
The major features are that the field in the dark is below threshold
for the electrooptic material. Under illumination, the field across
the photoconductor is relaxed and that across the electrooptic
material is increased. Here, again, the argument for an optical
exposure which at least doubles the dark conductivity of the
photoconductor is cogent. Let the time for the optical exposure
be t. During this time it is essential that the field across the photo-
conductor not relax in the dark areas of the picture. If the dark
relaxation timeis much greater than t,the light must correspondingly
increase the dark conductivity by much more than a factor of 2.
The optimum condition exists when the dark relaxation is, perhaps,
2t. The illuminated areas then relax in a time ¢ or less. The argument
for the minimal optical exposure then follows that already outlined
for the current-sensitive devices. The exposure is again given by
Eq.(8.11)and is the same as that for a photoconductor with blocking
contacts.

It should be noted that, in the present arrangement of a
photoconductor adjacent to a layer of insulating material, there is
an additional constraint on the maximum achievable photo-
conductive gain. We recall that in the normal process of photo-
conductive gains, the extra, or photoexcited, electrons that are
passed through the photoconductor are absorbed at the anode.
Hence, the effect of the light is to increase the current through the
photoconductor owing to an increase of conductivity at constant
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field. The increased current continues for the lifetime of the photo-
carriers and yields an extra charge. The ratio of the number of
extra charges to the number of photons is the photoconductive
gain (G = 1/T).

If the extra electrons are not absorbed at the anode electrode,
but remain at the anode surface of the photoconductor, they tend
to reduce the field across the photoconductor and to nullify the
gain process.

Consider the extreme case in Fig. 8.7a where the anode surface
is floating and its capacitance to the anode electrode is vanishingly
small. We introduce a pulse of light which increases the density
ofelectrons by 10 9/. The photoconductor is assumed to be operating
at the threshold for space-charge-limited currents where the transit
time and dielectric relaxation time are equal in a trapfree material.

PHOTOCONDUCTOR

ANODE

(a)

PHOTOCONDUCTOR (A)
LIGHT-MODULATING
LAYER (B)

1 €y =100,

p

- +

(b)

Fig. 8.7. Photoconductor with floating
surface and (a) with low capacitance to
anode, (b) with high capacitance to
anode.
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Hence, after one transit time, the field is reduced by an amount
10%, more than would have occurred in the absence of light. This
extra reduction was a result of the extra electrons lodged at the
anode surface whose field lines terminate at the cathode. The
result, then, is that after one transit time the extra current generated
by the pulse of light has vanished because the 109 increase in
conductivity was opposed by a 109 reduction in field. In this
example the photoconductive gain is only 1.

In Fig. 8.7b the capacitance of the anode surface of the photo-
conductor to the anode electrode is 10 times larger than its capaci-
tance to the cathode. Under these conditions, the 109 reduction
in field, described for Fig. 8.7a, now requires 10 times as much
charge. Hence, the extra current provoked by the light pulse will
persist for 10 transit times and the gain process will terminate at a
gain of 10.

In summary, the maximum achievable photoconductive gain is

Gmax =1 + CLight-modulating layer (812)
Cphotoconductor
More formal arguments for this conclusion have been given by
H. S. Sommers®* and P. J. Melz™"? Note that the required
exposure is still given by the applied field [Eq. (8.11) ] even when
the gain exceeds unity.

8.6. Special Arrangements

We have thus far shown that the optical exposure required
for the usual photoconductors with ohmic contacts is the same as
that for photoconductors with blocking contacts. The “usual”
photoconductor is defined by Eq. (8.10) as having a maximum gain

G = Lrep (8.10)

T rel
Equation (8.10) was based on a material having shallow traps lying
at and above the Fermi level and having a separate set of deep-
lying states below the Fermi level out of which the photoelectrons
are excited. If the states out of which the electrons are excited lie
at the Fermi level and if their density exceeds the density of shallow
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traps, which are located in an energy range kT just above the
Fermi level, by a factor M, then it has been shown®? that Eq.

(8.10) should read T

G=M-"P (8.13)
T rel

In brief, the performance is increased by the factor M and the

optical exposures we have computed for ohmic contacts will be

reduced by the factor 1/M.

We will not reproduce the arguments leading to Eq. (8.13).
The trap distributions needed for M values well in excess of unity
are not likely to be found in other than highly purified materials
such as germanium and silicon. Even for these materials, a more
likely way of achieving M values greater than unity is via the use
of the phototransistor arrangement shown in Fig. 8.8. The M
value for this arrangement is in the order of e(VV,)"/?/kT where
the potentials V and V, are indicated in the figure.

The beam scanning process in the vidicon offers another special
opportunity for increasing the sensitivity of these devices over
and above the nominal photoconductive gain of unity. Normally,
when these targets are scanned, the electron beam neutralizes the
accumulated positive charge by depositing all of its electrons at
the scanned surface. And normally the scanned surface is processed
to insure this deposition. It is possible to process the scanned
surface so that (see Fig. 8.9) for every electron deposited at the
surface a number of electrons pass through the surface to the
signal plate. This number then constitutes an extra gain factor and
increases the sensitivity of the device.S"*) The processing is par-
ticularly delicate to achieve high gains and to insure the high degree
of uniformity over the surface required for good-quality pictures.

Fig. 8.8. Phototransistor.
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Fig. 8.9. Mechanism for obtaining gains greater
than unity during the scanning of a vidicon target.

Evidence for modest gains achieved in this way was reported by
Shimizu and Kiuchi.®-3

8.7. Null Systems

The major emphasis in this chapter has been on systems whose
light-modulating properties depend on the total field or voltage
across the photoconductor. These systems require optical exposures
of the order of 6 x 10° K& photons/cm?. The commonly encoun-
tered fields of 10° volts/cm then lead to exposures of 102 pho-
tons/cm? which are some 10* times larger than that needed by an
ideal photon-noise-limited device to present a “good” noisefree
picture. The latter exposures would correspond to fields of only
10 volts/cm which are usually too low to ensure the transport of
photocarriers across the photosensitive layer.

The combination of high fields for the transport of photo-
carriers and low fields for the sensitive generation of images can
be achieved by any of a number of null systems. Passing mention
was made of one such system in the form of an electrophotographic
layer with an adjacent electrode held at the same potential as the
surface of the photoconductor. Small changes in the surface
potential of the photoconductor then controlled the deposition
of a developing powder. Another null system is constituted by the
low-velocity scanning beam of a vidicon. It responds to small
changes in the large total voltage across the target.
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T he photogenerated charge pattern on the surface of a charged,
photoconductive insulator contains all of the information in the
incident photon flux. It is not unreasonable to expect that some null
system will be developed for reading out this information efficiently
at the small exposures required to achieve the ultimate in visual
sensitivity.

Even now, charge patterns, down to individual electrons, can
in principle be read out by scanning the surface with a probe whose
probe tip consists of the floating gate of an MOS. This process is
just the inverse of that already discussed in Chapter 7, where the
charge pattern was moved past the MOS probe.

8.8. Summary

The optical exposure required for a photoconductively-con-
trolled picture-forming device is normally the same for photo-
conductors with ohmic contacts and high photoconductive gains
as for photoconductors with blocking contacts and unity gain.
This exposure is usually 6 x 10°K¢& photons/cm?, where & is the
electric field across the photoconductors. Proportionately lower
exposures are achieved when only a fraction of the field across the
photoconductor needs to be transferred to the light-modulating
layer. This can be achieved by a variety of null systems.

Some special trap distributions can, in principle, yield lower
exposures for ohmically contacted photoconductors than for block-
ing contacts.

For the commonly encountered fields of 10° volts/cm, the
optical exposure is 10'? photons/cm? and is comparable with that
needed for extremely fine-grained slow-speed photographic emul-
sions.
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CHAPTER 9

SOLID-STATE
PHOTOMULTIPLIERS

9.1. Introduction

The vacuum photomultiplier has had a dramatic impact on
the field of sensors owing to its ability to detect single photons.
The vacuum photomultiplier, however, is a single-picture-element
device. The same principle of multiplication has been extended
to large-area image sensors by the several forms of image multipliers
discussed in Chapter 6. These image multipliers are beginning to
service a wide range of applications where the supply of photons is
limited.

As powerful as these vacuum devices have proved to be in
the field of sensing, they still leave open several significant areas
for improvements. Their quantum efficiency is in the order of
109 rather than 100%,. Their size, measured in inches, is larger
than necessary. Their voltage sources range into the tens of kilo-
volts. And, finally, the extension of their spectral response into
the micron wavelengths of the infrared spectrum is difficult. The
last item, however, is beginning to yield to the hybrid combination
of semiconductor photoemitters in vacuum (see Chapt. 6).

When we examine these areas in terms of solid-state photo-
multipliers, the formal possibilities for improvement are impressive.
Solid-state sensors already operate with 100 9, quantum efficiency,
not only in the visible but in the far-infrared range (~ 10 um)

165



166 Chapter 9

as well. A solid-state photomultiplier must, almost of necessity,
be in the range of micron thicknesses rather than inches. The
voltage across these thicknesses can not exceed a few hundred to a
thousand volts. In brief, a solid-state photomultiplier, if successful,
would achieve the ultimate not only in sensitivity but, as well, in
compactness and convenience.

Ironically, solid-state multiplication is one of the oldest
recognized solid-state electronic phenomena. The early work of
both Frohlich®? and von Hippel®-!) in the 1930’s argued strongly
that dielectric breakdown was a consequence of the avalanche
multiplication of single electrons starting from the cathode and
giving rise to a surge of free carriers near the anode. In rough
outline, they argued that an electron in a field of 10° volts/cm
could gain a few volts of energy in a few hundred angstroms. It
could then create a free electron and hole by impact ionization
across the forbidden gap. If this process were repeated every few
hundred angstroms, the single electron would give rise, in a micron
of path length, to ~ 10'° free carriers. In 2 um of path length,
this number would be 102° and easily sufficient to cause
dielectric breakdown by thermal destruction or decomposi-
tion of the insulating material. The impressive fact is that, once
impact ionization occurs, it can lead to an enormous multiplica-
tion of carriers in distances of only a few microns. Moreover, if
these theories of dielectric breakdown were correct, solid-state
electron multiplication was occurring every day in the laboratory —
whenever an engineer inadvertently applied an overvoltage to a
condenser and observed an electrical breakdown.

The only missing link between these primitive observations
of breakdown and a highly sophisticated image sensor was the
achievement of high values of multiplication under control. It
would be necessary, for example, to be able to apply a high electric
field across a thin insulating film of photoconducting material
such that, in the dark, substantially no electrons would be present
to initiate chains of multiplication. At this point, the introduction
of a sprinkling of electrons at the cathode owing to the incidence
of a sprinkling of photons would give rise to easily measurable
pulses of charge at the anode. Single photons would be rendered
easily observable. Indeed, the present system for office copiers
using thin insulating layers of amorphous selenium (Xerography)
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or zinc oxide powder (Electrofax) should be ideal systems in which
to make these observations. Not only are these materials excellent
insulators, but also the method of charging by a corona discharge
insures that the highest fields (owing to the blocking character of
the ionic charge) could be achieved. Thus far, however, no such
multiplication has been observed.*-!

There are several fundamental reasons that are responsible
for the notable lack of success in achieving solid-state photo-
multipliers in insulating materials. First, the high electric fields
required for impact ionization are also high enough to invoke the
injection of electrons from the cathode by a tunneling mechanism.
In fact, it is highly likely that the phenomenon of dielectric break-
down is initiated by these field-injected carriers rather than by
avalanche multiplication.(V->)

Second, the multiplication process in insulators is not easily
controllable. Experimentally, the breakdown of insulators occurs
at a sharply defined threshold field. Theoretically, the onset of
impact ionization in polar insulators should be almost catastrophic.*
This is in contrast to certain covalent semiconductors like silicon
and germanium where there is some margin of control for the
degree of multiplication.

The physical basis for this pessimistic appraisal of the prospects
for solid-state photomultipliers in insulating materials will be
discussed below. First, however, we will outline a somewhat less
pessimistic appraisal of the state of the art of multiplication in
semiconductors, and later discuss the reasons for the difference
between insulators and semiconductors.

9.2. Multiplication in Semiconductors

The semiconductors in which electron multiplication has been
observed under reasonable control are germanium, silicon, gallium

* At some critical field, the energy of the electrons jumps from a few tenths of a
volt to the several volts (bandgap energy) required for impact ionization. The
mean free path for impact ionization is only of the order of 1077-107° cm.
Hence, in a layer a micron or more thick, these electrons will suffer over a
hundred multiplications and lead to currents of catastrophic magnitude. By
the same argument, layers less than a few thousand angstroms thick should
tend to avoid this catastrophic behavior.
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arsenide, gallium phosphide, and indium antimonide; and even in
these few materials, reliable observations could be made only after
the art of growing crystals free from dislocations could be achieved.

The usual measurements (Fig. 9.1) are made on back-biased
p—n junctions.®*V Electrons are introduced at the cathode side of
the junction or holes at the anode side by means of a light probe.
Atlow fields, the current across the junction is constant, independent
of the field, and equal to the photoexcited current of carriers. As
the field is increased, the junction current (Fig. 9.2) increases
owing to the impact ionization and consequent multiplication of
carriers crossing the junction. At each field, a parameter «, the
reciprocal of the average distance traveled by an electron or hole
before making a free pair, is computed. A representative set of
curves for o versus electric field for electrons and holes in silicon
is shown in Fig. 9.3.

Two features are significant. In Fig. 9.3, the fields at which
significant multiplication takes place are in the range of 10°-10°
volts/cm. These are relatively high fields in the sense that the
competitive process of field emission or tunneling begins to be
significant. More insulating materials, having larger forbidden
gaps, tend to require even higher fields for significant multiplication
and tend to be even more dominated by field-emission processes.

A second feature is the increasing steepness of the current—
voltage curve (Fig. 9.2) as the multiplication exceeds a factor of
5 or 10. The steepness of this curve makes it almost impossible to

O —a

—iji-

Fig. 9.1. Reverse-biased p—n junction.
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Fig. 9.2. Photocurrent versus voltage in a reverse-biased silicon
p—n junction (C. A. Lee et al).-™ 1

achieve uniform multiplication over any sizable image area when
the multiplication exceeds 100. The required uniformity of material
and of electric field becomes unrealistic.

The steepness of the current—voltage curve and, also, the
noisiness of the multiplication process is a function of the relative
rates of ionization by electrons and holes. In the one extreme, we
assume that the electrons and holes have equal rates of ionization.
Then, let the initial photoexcited electron have a probability 0
of creating an electron—hole pair as it crosses the junction. Here,
0 is taken to be less than, but close to, unity. If the pair is created
near the anode, the hole will have a probability 6 of creating another
pair when it crosses the junctions toward the cathode. This process
continues and gives rise to a sum of pairs:

1

T 1-6
Thus the multiplication G becomes a steeper function of 6 (or
voltage across the junction) as the multiplication increases. A

multiplication of 10 means that 6 = 0.999 and that the uniformity
of the multiplication process must be better than 0.1 9.

G=1+60+6*+6°+ ... 9.1)
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There is a further objection to this type of multiplication. It
is fundamentally noisier than a vacuum photomultiplier. The
latter is essentially a noiseless amplifier in that the signal-to-noise
ratio emerging from the multiplier is, within a factor of 2, equal
to that of the photoelectrons entering it. In the present case, the
multiplication process itself is noisy. The rms fluctuations in the
multiplication introduce a noise in excess of the shot noise of the
incident light flux. Thus, if R is the signal-to-noise ratio of the
incident light flux (or the unmultiplied electron current) the signal-
to-noise ratio of the multiplied current is reduced to the order of
R/G''? where G is the gain due to multiplication.™!"M-1) For this
reason one pays a penalty for high-gain structures.

For certain applications, however, the multiplication achieved
by a back-biased p—n junction is useful. These are the antithesis
of the application to high-sensitivity, low-light imaging devices.
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For example, when it is desired to signal with a high-intensity
light beam at a high information rate, and when the source of
noise in the system is other than that of the signaling beam, the
detection and multiplication by a back-biased p—n junction is
advantageous.

In contrast to the previous assumption of equal ionization
rates for electrons and holes, we assume now that only the electrons
cause multiplication and that the free holes are drawn out without
causing any impact ionization. This process is capable of much
better control and is less noisy than the avalanche mode just
discussed. If the junction has a length L and the reciprocal mean
distance for ionization a, then the gain due to multiplication is

G = exp(La) 9.2)

While Eq. (9.2) is admittedly a steep function of «, it is not as steep
as Eq. (9.1). For example, if, as in the previous example, G is taken
to be 10°, La is 7. Now a 17 change in « makes only a 7% change
in G. In the previous case, a 1%, change in a (or its equivalent
0 = La) was catastrophic.

A further advantage of this type of multiplication is that it
approaches the noisefree amplifying properties of a vacuum photo-
multiplier. The noisiness here is introduced by the statistical charac-
ter of @ and, consequently, of the exponent La. That is, the number
of stages of multiplication can vary for statistical reasons. An
analysis®™-1"M-1 of the noise properties of this mode of multiplication
shows, under certain reasonable assumptions, that the noise
introduced is only comparable with the shot noise in the incident
light flux. Thus, the signal-to-noise ratio of the multiplied output
current is reduced compared with that of the input current by a
factor less than 2.

In the intermediate case, as for example in the case of silicon,
the rate of ionization for electrons can be 10 or 100 times larger
than that for holes. Under these conditions the junction acts more
like a one-carrier multiplication junction up to gains of 10 or 100.
It can be well controlled and approaches a noiseless multiplier.*-)
Also, in the case of silicon, Webb and McIntyre™-1) have succeeded
in detecting single photons with an efficiency of about 109,. Using
a back-biased silicon p—n junction cooled to liquid-air temperature,
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they were able to approach sufficiently close to avalanche break-
down that, for statistical reasons, some 10 %, of the photons gave
rise to detectable pulses of charge.

9.3.. Multiplication in Insulators

The evidence for high-field impact ionization in materials
that are insulators at room temperature, that is, materials with
forbidden gaps greater than about 2 volts, is almost absent. Gallium
phosphide is a probable exception.'¥-?) The notable lack of direct
evidence stands out in strange contrast to a large body of literature,
beginning in the 1930’s, which has interpreted the electrical break-
down of insulators in terms of impact ionization. The book by
Whitehead,'W-®) for example, tries to interpret an extensive collec-
tion of empirical data on dielectric breakdown in terms of the
elegant theoretical models for the generation of “hot” electrons
in high fields, originally published by Frohlich.®-? Moreover, in
the case of the alkali halides, where the most extensive scientific
measurements have been made (for example, by von Hippel®1
and his co-workers), the breakdown electric fields calculated from
Frohlich’s theory of electron—phonon interaction match the
observed breakdown fields within a factor of 2. This fact, alone,
has deeply anchored the association of dielectric breakdown with
impact ionization in the literature.

In spite of the ample indirect evidence for ascribing dielectric
breakdown to impact ionization, there have been no direct observa-
tions of the energetic electrons that must account for this ionization.
For the alkali halides, these electrons should have energies in the
order of 10 volts, namely, of the order of the forbidden gap, and
should have been easily observable by emission into vacuum. On
the other hand, there is a growing body of evidence that breakdown
in insulators is more likely to be associated with some type of
field emission, either from the electrodes or from some internal flaws.
Williams'V=>) has compared the advent of field emission with the
advent of impact ionization in sodium chloride and concluded
that the field emission is the first to appear as the electric field is
increased. Similar conclusions were demonstrated by Williams™-#
and by Many™-? for CdS, and by Kiess®? for ZnO.
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In parallel with the literature on dielectric breakdown, there
is also an extensive literature on ac electroluminescence in zinc
sulphide which has also ascribed the excitation of luminescent
centers to impact ionization. Here too, the growing evidence is
that ac electroluminescence in these materials is predominantly
due to the tunneling (that is, field emission) of electrons and holes
from sharp-pointed flaws in the small crystals.F-?) There is, how-
ever, some evidence for impact excitation in dc as opposed to ac
electroluminescence.V-!) The unambiguous identification of this
mechanism has yet to be obtained. In any event, only a small
fraction of the electrons achieve sufficient energy for impact
excitation.

We have emphasized here the strong competition of field
emission with impact ionization. Even if field emission could be
avoided, there is the further objection to the controlled use of
impact ionization in insulators arising from the catastrophic nature
of its onset. Frohlich’s theory®™? for electron—phonon interaction
in ionic solids leads to such an abrupt threshold for hot electrons
and impact ionization. The experimental evidence, obtained mostly
from observations of the Gunn effect in gallium arsenide and
similar materials,®-!) confirms these expectations. The Gunn effect
is an incipient breakdown in which the electrons break through a
low-energy optical phonon barrier of about a tenth of a volt and
are arrested from running away to very high energies by a second
barrier (a higher conduction band) lying about half a volt above
the lowest lying conduction band. Since most insulators have an
ionic or polar character. it is to be expected that their thresholds
for the production of energetic electrons will also be too abrupt
for use in controlled solid-state multipliers.

The theoretical framework for high-field impact ionization is
based directly on the theory of electron—phonon interactions in
solids. Almost without exception, this literature is couched in the
relatively sophisticated formalisms of quantum mechanics. Both
the electrons and the phonons are treated as waves. The mathe-
matical operations are carried out in Fourier space and involve
complex integrations in which it is difficult to sense the physical
processes. We attempt in the next section to supply the essential
features of electron—phonon interactions via a relatively simple



174 Chapter 9

formalism couched in real space. Much of the physical mechanism
for the rate of emission of energy by energetic electrons is of a
classical and easily visualizable nature.

Certain major features of the generation of energetic electrons
by high fields will be emphasized. These are: the contrast between
the controllable nature of hot electrons in nonpolar solids compared
with their abrupt onset in polar solids; the scaling of electric
fields required to produce hot electrons such that the more insulating
materials tend to require higher fields ; and, finally, the competitive
nature of field emission and impact ionization.

9.4. Rates of Energy Loss by Hot Electrons

9.4.1. Stable and Unstable Rates of Energy Loss

At the outset we note the simple criterion for the production
of hot electrons. In order to maintain electrons at an energy E
above the bottom of the conduction band, the applied field must
supply energy to the electrons at a rate equal to their rate of loss of
energy to the lattice.

dE dE
dt field > electron dt electron—lattice
or
dE
Sevy = —
dt electron—phonons (93)

& is the electric field and v, the drift velocity of electrons in the
direction of the field.

At a given electric field, both the left side of Eq. (9.3), via
vy4, and the right side depend on the energy of the electron. We
can, therefore, immediately indicate the types of dependencies that
will lead to either stable or unstable production of hot electrons.
These two limits are shown schematically in Fig. 9.4 where
&3 > &, > &. For the stable intersections &, and &,, a higher
electric field leads stably to higher-energy electrons. For the
unstable intersection &5 there is nothing to prevent the electron
from attaining arbitrarily high energies, limited eventually by
impact ionization. Energy losses by electrons to acoustic phonons
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Fig. 9.4. Conditions for producing stable and un-
stable distributions of hot electrons. The negative
slope of the energy-gain curves is due to a decreased
mobility at higher energies.

and to nonpolar optical phonons lead to stable intersections;
energy losses to polar optical phonons lead to the unstable inter-
section.

9.4.2. General Formalism for Rates of Energy Loss ®-1)

An electron in a solid (or condensed) medium perturbs the
medium around it. It may polarize the medium by its electric
field ; it may cause a mechanical strain by virtue of the piezoelectric
effect; and it may perturb the energy-band structure owing to
the charge of the electron. In all cases, there is an energy of inter-
action forming a kind of energy well around the electron. If the
electron moves slowly it carries this energy well with it. If it moves
fast, it leaves some of the energy of the well behind as an energy
wake. The picture here is essentially that of a boat moving through
water or an airplane through the atmosphere and trailing a distur-
bance that is radiated into the surrounding medium. The energy
in this radiated disturbance constitutes the energy lost by the
moving particle, whether it be a boat, a plane, or an electron.

In Fig. 9.5 we show a simple mechanical model for the rate of
loss of energy by a moving particle. Here, a particle moves past
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Fig. 9.5. Mechanical model for electron—
phonon interactions.

an array of elements of dimension d, each having a characteristic
frequency w. There is a force of repulsion between the particle
and each element such that when the particle is stationary it repels
the nearest element and stores an energy Ej in its spring. In this
model, the particle traveling with velocity v represents the electron ;
the elements represent the medium; and the energy Ej, is the

interaction energy between the electron and the medium.
The maximum rate of loss of energy of the electron to the

medium can be estimated by inspection of Fig. 9.5 to be
d~E ~ Eyw 9.4)

This rate of loss can be visualized by letting the electron remain
opposite an element for a time w~! which is also, by definition,
the response time of the element, or the time required to form the
energy well E,. The electron is then moved abruptly to the next
element leaving the energy Ey behind. It again remains for a time
o~ ! and is again moved abruptly to the following element. In
this way it conveys or radiates energy to the medium at the rate

Eyo given by Eq. (9.4). In place of the stepwise motion just out-
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lined, we may substitute an average velocity of dw at which velocity
the electron is able to form over half of the full energy well E
per element and, at the same time, leave over half of this energy in
its trail.

A more general expression for the rate of loss of energy is
obtained by letting the electron move at a velocity fast compared
with dw. The electron then passes an element in a time short
compared with its response time and, consequently, forms only a
fraction of the full depth E,, of the energy well.

The momentum given by the electron to the element is reduced
by the ratio of its transit time to the relaxation time of the element,
that is, by p

-~

v
The energy given to the element is proportional to the square of
the momentum and is therefore reduced by the fraction

()

We can then write down the rate of loss of energy in the form

dE d Vv
= z el 9.5
dt EW(vw> d ©-3)
dw?
=B

where Ey (dw/v)? is the energy imparted to each element and v/d
is the number of elements traversed per second.

At this point we recognize that the only way the electron can
impart energy to the medium is via its coulomb energy.* At most,
its total coulomb energy can be imparted to the medium. In general,
depending upon the coupling to the medium, only a fraction f,
where 0 = f < 1, can be imparted to the medium. Hence, we can

* Magnetic interactions normally play a negligible role in electron—phonon losses.
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write the interaction energy Ey, formally as

eZ

Kd
where e2/Kd is the coulomb energy of the electron associated with
the dimension d, and K is the dielectric constant for frequencies
large compared with w, the frequency being radiated to the medium.
For these higher frequencies, the polarization cloud surrounding
the electron is carried with it without loss. In the present discussion
of energy loss to phonons, K would be the electronic part of the
dielectric constant.

Combination of Egs. (9.5) and (9.6) then yields the general
form for rates of energy loss by a fast electron in a solid.

Ey =B (9.6)

dE e2w?

ey ©7)

Equation (9.7) has still to be integrated over a range of radial
dimensions, d, surrounding the electron. This integration yields
in general a geometric factor of order unity.®-?) In the case of loss
to polar optical phonons, the factor is

2\ (2 (™
ln<r1>_ln<h/mv)_ln<ha)>

Here r, is the radial distance of elements of the medium beyond
which the medium is polarized and depolarized reversibly without
transfer of energy as the electron passes and r, is the uncertainty
radius #/mv of the electron. For smaller radii, it is no longer a
point charge but a diffuse volume of charge. This example shows
clearly that the physical mechanism for energy loss is a purely
classical phenomenon. But the quantitative evaluation of the
classical interaction is subject to certain quantum constraints
such as the uncertainty radius of the electron. Another quantum
constraint is that the electron must have an energy 3mv? at least
as large as the quantum Aw which it emits.

The relatively simple and graphic formalism of Eq. (9.7) has
been used® ! to analyze the wide spectrum of energy losses by
electrons in solids extending from losses to phonons, through
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plasmons, and the deep lying x-ray levels to the losses via Cerenkov
radiation. We cite here only certain significant results of this
analysis. Table 9.1 gives the various phonon energy-loss expressions
in a form which separates out the coupling constant f, the geometric
factor, and the common core e?w?/Kv of all the expressions.

Figure 9.6 gives in summary form the rates of energy loss to
the various types of phonons as a function of the energy of the
electron. Inspection of this figure shows that (see Fig. 9.4) the
losses to acoustic phonons and nonpolar optical phonons can
result in the stable production of hot electrons. By contrast, the
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Fig. 9.6. Representative rates of loss of energy to phonons by energetic
electrons (1.6 x 10”2 erg = 1eV).
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Table 9.1
Rates of Energy Loss dE/dt by Electrons of Velocity v*

i Final expression
Phonon and Formal expression for dE/dt

coupling for dE/dt in the form Au"

Polar optical €0 ~ ta iw_z In ( 2my? > ~u!
hw

(polarization field) € Ex v hw
Nonpolar optical 1| nKD* |e*w? D’m®
(deformation potential) 2| pefw?i? | Kv 2nph? v
i
Note: — = ——
2n 2mv
Acoustic (deformation I B’o’K |e*o? B*m* .
potential) 4| 4re’pr? | Ko nph*
hw
Note: — = 2mv
v
.2 ,2,2 nele?m?p?
Acoustic (piezoelectric) L 7R Ly
KC | Kv K2Ch?

hw
Note: — = 2mv

LS

The middle column expresses these rates formally as f(e?w?/Kv) x geometric factor.
where f is the coupling constant and is set off by square brackets. The right-hand column
gives the r-dependence of dE/dt after inserting the quantum constraints noted in the
formal expressions.

&y = low-frequency dielectric constant

.. = high-frequency (optical) dielectric constant

K = electronic part of dielectric constant

&, = piezoelectric constant

= elastic modules (dynes/cm?)

= density (grams/cm?)

= phase velocity of sound

v = velocity of electrons

= angular frequency of phonon

= deformation potential (electron volts in ergs/unit strain)
= optical deformation potential (electron volts in ergs per cm relative shift of sublattices)
m = effective mass of electrons
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loss to polar optical phonons leads to an unstable, runaway condi-
tion when the applied field supplies energy to the electron at a ratein
excess of the peak of the loss curve. The magnitude of this field is

Ky — K, em
éﬂbreakdown = IO<0—K 70) (98)
. KO - K

0 7

KK, 107 volts/cm

for m = m, = mass of free electron and w = 10'*/sec. K, and
K, are the low-frequency and high-frequency (electronic) values
of the dielectric constant.

What is significant for our purposes is that most insulators
are polar materials for which the polar optical phonons are likely
to be the dominant loss mechanism. Moreover, the coupling
constant (K, — K )/K, is likely to approach unity. This means
that the breakdown field, or the field required to produce hot
electrons, is likely to be in excess of 10° volts/cm and approaching
107 volts/cm. These are the fields at which the competitive process
of field emission becomes significant.

The reason that the coupling constant approaches unity in
insulating or large bandgap materials is the following. K, — K
represents the contribution to the dielectric constant of the ionic
displacements. This contribution is theoretically and experimentally
about 2 or greater and is insensitive to the magnitude of the forbid-
den gap. The electronic part of the dielectric constant K does
depend on the bandgap and becomes progressively smaller for
larger band gaps. The reason is that the valence electrons in insulat-
ing materials are more tightly bound and less easily polarized by an
applied field. Hence, the coefficient (K, — K )/KoK,, increases
significantly as the magnitude of the forbidden gap increases. Its
value for NaCl is over 100 times larger than for InSb. It is also
worth noting here that the arguments leading to Eq. (9.7) or Eq.
(9.8) are not sensitive to the crystallinity of the material. Hence,
amorphous insulating materials require the same high fields to
produce hot electrons as do crystalline materials. In fact, the fields
may even be somewhat higher if the amorphous character reduces
the mobility of electrons and, thereby, the rate at which the applied
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field can supply energy to the electrons. The conventional formal
treatments for energy loss have considerable difficulty in treating
amorphous materials since the formalism at the outset depends on
the periodicity of the lattice.

We wish now to compare the fields at which significant field
emission takes place with the breakdown field due to impact
ionization given by Eq. (9.8). Figure 9.7 shows the typical barrier
through which an electron must tunnel from a metal contact to
the conduction band. The transmission of this barrier for a free
electron mass is given by

108412

where ¢ is the barrier height in volts and & the field in volts/cm.
(The factor 2 in the denominator has a modest uncertainty depend-
ing upon the choice of analysis.) Significant field emission takes
place when the exponent is about 20. Note that at this value the
transmission varies by about 10'° for a factor of 2 increase in
field. With this criterion, the critical field for field-injected currents is

~ 2 x 10%¢*? volts/cm (9.10)

Substantially the same expression holds for field emission (Zener
tunneling) from the valence to the conduction band. Hence, if
we take ¢ to be 1 or 2 volts, appropriate to insulators, the onset of
significant field emission takes place at fields of 2-6 x 10° volts/cm.
These fields are just in the range of the breakdown fields [Eq. (9.8) ]
due to impact ionization. The result is that it is frequently difficult

‘7‘—’

¢/ £

Fig. 9.7. Model for field
emission.
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to distinguish between the two effects. The weight of the evidence,
however, appears to be shifting strongly towards field emission as
the usual cause for dielectric breakdown.

The competitive character between field emission and hot
electrons has shown up clearly in the recent work on cold emit-
ters.5-1) Here a high field is applied to a thin insulator in the form
of a metal-insulator-metal sandwich. Electrons tunnel into the
conduction band of the insulator from the metal cathode. They
are heated to a mean energy of, perhaps, half a volt by the high
field in the insulator and a small fraction (1072-10"%) have suf-
ficient energy to surmount the work function of the thin anode
metal film to emerge into vacuum. What is significant is that at
the fields required to effect even a mild heating of the electrons, a
considerable current already is field-emitted from the cathode into
the insulator. The presence of this high “dark” current precludes
the use of thin insulating films for solid-state multipliers for the
detection of low-light-level scenes.

9.5. Summary

The attempts to construct solid-state photomultipliers have
met with limited success. Back-biased p—n junctions of the semi-
conductors germanium, silicon, and gallium arsenide have yielded
useful multiplier gains up to about 100. The presence of significant
dark currents has confined these devices to applications for high-
speed signaling at high light intensities. The promise of high-gain
solid-state multiplication in insulating materials has yet to be
realized. The competition from field-emitted currents and the
abrupt character of the onset of multiplication must temper future
expectations.
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CHAPTER 10

VISION: PAST, PRESENT,
AND FUTURE

10.1. Introduction

This concluding chapter is concerned primarily with the
future trend toward higher sensitivity in visual systems. Several
concepts, already discussed, are reproduced for emphasis and
clarity.

10.2. Human Vision

The human visual system can trace its roots back to the
visual systems of more primitive animals. A high level of visual
performance had already been achieved long before the advent
of man, and there is no evidence of any progressive evolution of
the human visual system. One might even be tempted to look for
a regressive evolution to the extent that man’s survival in recent
times depends less critically on his visual process. In any event,
in a time scale of some centuries past, present, and future, the
sensitivity of the human visual system has been and will be cons-
tant. The sensitivity ranges from a quantum efficiency of some 10 %
at low lights to a few percent at high lights. The light levels extend
from 10~7 foot-lambert at absolute threshold to about 10* foot-
lamberts in sunlight, a total range of 10'°.
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10.3. Photographic Vision

The history of silver-halide photography dates back some-
what over a century. It is only in the last several decades, however,
that reliable measurements of its sensitivity have been made.
These are measurements which compare the signal-to-noise ratio
of the developed picture with the signal-to-noise ratio of the
photons in the optical exposure. The evidence is that this sensiti-
vity has remained substantially constant at a quantum efficiency
of about 1%, comparable with the high-light sensitivity of the
human visual system. The broad spectrum of photographic speeds
has been attained primarily by varying the size of grain while
maintaining the sensitivity, that is, the utilization of photons,
substantially constant at about 19,. A large grain size permits
pictures to be recorded at lower light levels but with corres-
pondingly lower signal-to-noise ratios.

It is unlikely that the sensitivity of silver-halide photography
will be significantly improved (for example, by more than a factor
of 2) in the future. This statement is based only in part on the
relatively stable value of sensitivity over the past several decades.
A more significant fact is that recent measurements of the sensi-
tivities of individual grains have yielded values already in the
range of quantum efficiencies of 10 or 209;. That is, there is a
tenfold deterioriation in the sensitivity performance of an actual
emulsion compared with the intrinsic sensitivity of individual
grains. This deterioration appears to be fundamental to the silver
halide system or to systems which depend upon an “all or nothing”
development of individual grains.

An emulsion which has grains all of the same size and sensi-
tivity would also have an unusably high gamma. It would be
converted from black to white over a narrow range of light
intensity. Hence, a distribution of grain sizes and sensitivities is
needed to yield the required gammas in the neighborhood of
unity. The same distribution leads to a fundamental underutili-
zation of photons and to the tenfold deterioration of sensitivity
in going from individual grains to an actual emulsion.

A somewhat more optimistic appraisal is given by Shaw.5-!
He estimates a factor of 3 improvement in sensitivity in the past



Vision: Past, Present, and Future 187

decade and a comparable factor in the next decade. Also, he has
shown that a significant improvement in sensitivity can be achieved
if the emulsion is prepared with grains all of the same size and
sensitivity and if each is developable with only 2 or 3 effective
photons. In this way the latitude can be achieved by the statistical
spread in photon exposures rather than by a spread in grain size
and sensitivity.

There is a mode of operation which retains the “all or nothing”
character of the grains and still achieves high sensitivity. The
probability of its achievement, however, is likely to be small. In
this mode, a grain would be made developable by the action of a
single photon. It is not necessary that all of the photons be effective.
It is necessary that when a grain becomes developable it is the
result of 1 photon and not 2 or more. In this way the emulsion
acts as a photon counter for which the signal-to-noise ratio of the
developed picture is closely equal to the signal-to-noise ratio of
the effective photons, and the emulsion would still function at
arbitrarily low light levels.

We have emphasized here the fundamental difficulties in the
way of increasing the sensitivity of photographic film above its
present value of about 1 9. It is equally important to call attention
to the remarkable technological achievement which this 1Y%
quantum efficiency represents. The photographic process is an
example of highly sophisticated solid-state science carried out
without benefit of much of what is now called solid-state theory.
A measure of the achievement can, perhaps, better be appreciated
if we imagine that there is no photographic process and we ask
for proposals to invent, discover, or develop one. What we would
ask for is a material of micron-size particles (some 10'® molecules)
such that the absorption of only a few photons would allow the
10'° molecules to be converted from a transparent to an opaque
form. The particles must be stable against ambient thermal devel-
opment for a year or more. Moreover, the effect of the few photons
in forming latent centers for development must be comparably
stable. It is safe to say that the enthusiasm for investing in such a
project would be vanishingly small. Here, as with many outstand-
ing developments in material science and technology, the first
significant steps were made by chance.
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10.4. Electronic Vision

Electronic visual systems date effectively from the early days
of television in the 1920’s. The scene brightnesses that could be
transmitted moved rapidly from full sunlight to less than full
moonlight, a ratio of about 10° in brightness.

Modern television camera tubes, including image orthicons,
intensifier image orthicons, vidicons, and intensifier vidicons
operate with quantum efficiencies in the range of 10-100%,. The
even more sophisticated self-scanned solid-state image sensors
are expected to match the same performance in a highly compact
format. In brief, the sensitivity of electronic vision has surpassed
that of human vision by 10- to 100-fold and that of the photograph-
ic process by a hundredfold.

In parallel with television camera tubes, the development of
multistage image multipliers with gains approaching 10° repre-
sents an electronic visual system having a quantum efficiency of
10% (namely, that of the first photocathode) and capable of op-
erating even below starlight. The combination of these image
multipliers with any of the other visual systems, human, photo-
graphic, or electronic, converts them into a system with the same
10 %, quantum efficiency.

The future developments of electronic systems are likely, as
exemplified by the solid-state image sensors (Fig. 10.1), to offer
this high level of performance in extremely compact, portable,
low-power-consumption, and low-cost formats.

We turn at this point to the question of the importance of
having visual systems with quantum efficiencies well in excess of
the human eye.

10.5. The Need for High Quantum Efficiencies

Photographic systems and television systems are surrogates
for the human eye. As such, one might expect that they need only
match the sensitivity of the eye. Contrary to this expectation
there are fundamental reasons why, even in the normal uses of
these systems, a quantum efficiency exceeding that of the eye is
highly desirable.
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Fig. 10.1. Photograph of a compact solid-state image sensor television camera
(M.G. Kovac et al).®-D
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The common experience of seeing the world around us is
that everything is in focus, near objects as well as distant ones,
This comes about not because of an unusually large depth of
focus of the human eye, but because of a rapid and almost uncon-
scious refocusing of the eye on the objects of interest. When we
look at near objects, we are only vaguely conscious of the distant
ones, and vice versa. Because our focus follows our attention, our
sense of reality is that everything is simultaneously in focus. If a
camera is to convey this sense of reality, it needs literally to achieve
a simultaneous focus for near and far objects since the camera
operator does not know which part of the transmitted picture
will catch the attention of the viewer. In brief, the camera requires
a much larger depth of focus than the human observer in order to
convey the same sense of reality. Depth of focus is achieved by
reducing the opening of the lens and is extremely costly in the use
of photons. There is no choice but that the sensitivity of the camera
must exceed that of the eye if it is to transmit the same sense of
“in focus” reality at the same light level.

A second prominent reason for requiring that the sensitivity
of the camera exceed that of the eye has to do with the fact that the
presentation light level, particularly for the television system,
frequently exceeds the light level at which the pictures are recorded.
The television system is acting as a light amplifier and, in the
transmission of football games in the late fall, for example, the
amplification factor is often a hundredfold. Under these conditions,
the viewer of the transmitted picture unconsciously demands a
higher performance from the camera than is provided by his own
visual system.

When an observer looks at a low-light scene, he sees a noise-
free picture. This comes about because the gain in his visual system
is automatically turned down to the point of threshold visibility
for the incoming photon noise. If a camera is to transmit a noise-
free picture of the same low-light scene at a presentation brightness
100 times higher than the original scene, the camera needs to have
100 times the sensitivity of the human eye. (We are assuming here
that the camera at least matches the depth of focus of the eye.) The
argument we are making for a camera sensitivity higher than
that of the eye has certain psychological subtleties. The observer,
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looking directly at a low-light scene, sees a picture of poorer
quality than he would see at a higher light intensity. The observer
does not, however, make the judgement that his own visual system
is at fault. Rather, he feels that he is seeing “all there is to see”
and that the poor quality of picture is a natural consequence of
the low light level.

If the observer now looks at this same quality picture repro-
duced at a brightness level 100 times that of the original scene, his
own visual discrimination is enhanced and tells him that he should be
able to see more detail than is being presented. In fact, since the
picture quality is limited by the presence of photon noise, i.c., the
photon noise in the camera, he is able to see the noise itself and to
decide that the picture and the camera that reproduced it are
defective. In brief, experience tells him that a low-quality picture
viewed at low lights is real and natural whereas the same quality
viewed at high lights is synthetic and defective. The latter judge-
ment can be avoided if the camera sensitivity exceeds that of the eye
sufficiently to present a noisefree image of a low-light-level scene
at a high level of brightness.

The virtue of having a noisefree picture needs to be empha-
sized. The obvious virtue of supplying more information is a signifi-
cant part, but only part of, the advantage. The second part is its
contribution to a sense of reality or to a three-dimensional quality
of the transmitted picture. We have mentioned that the eye is
inclined to conclude that everything it sees is real and three-
dimensional unless it is constrained by clues which force it to a
two-dimensional interpretation. The frame or border of a picture
is one such clue. So also is the fabric of the canvas or page on
which the picture is presented. Noise plays the subtle role of a
fabric which tends to destroy the three-dimensional illusion the
eye would normally seize upon. The test of this statement is easily
made. If one is viewing a noisy television picture and then converts
it to a noisefree picture by peering through a small aperture which
attenuates the light coming to the eye, the concomitant conversion
from a two- to a three-dimensional picture quality is impressive,
at least to this observer.

A final factor that makes a heavy demand on the sensitivity of a
camera has to do with the fact that visually we seldom see black
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areas in the world around us. When our attention shifts, for example,
to a dark corner of a room, the gain control in our retina is reset to a
higher level so rapidly that we are scarcely conscious of the opera-
tion. The net result is a kind of dynamically achieved low gamma.

The same result is achieved in television or motion pictures by
“erasing” all of the dark corners in a scene through the use of a high
level of flat lighting. Superposed on this flat base are a few sources of
key lighting to accentuate certain parts of the scene. In brief, the low
gamma is achieved by the lighting rather than by the camera.

It is not reasonable to expect the amateur to exercise the same
care in lighting his home movie scenes as is exercised by profes-
sionals in the studio. Instead, the burden will be shifted to the camera
to accommodate a wide range of lighting in such a way that the dark
corners are reproduced as a noisefree level of gray. This calls for a
large dynamic range in the camera and a high sensitivity to transmit
a noisefree rendition of the low lights.

10.6. Conclusion

The evidence has been outlined to support the need for a
camera sensitivity considerably exceeding that of the eye. Further,
the evidence has been outlined to expect that the quantum effi-
ciency of the silver halide photographic process will remain at a
few percent and somewhat close to that of the eye while, at the
same time, the sensitivity of electronic systems such as television
camera tubes already exceeds the visual sensitivity and is likely to
achieve the ultimate goal of 1009, quantum efficiencies. It is
clear that the motivation for an electronic replacement of the
conventional photographic process, already well under way, will
continue to exert a steady pressure in the direction of low-cost,
compact, highly sensitive electronic cameras. Moreover, their
potentiality for instant development and reusable recording media
can only add to the motivation.
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