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ABSTRACT 

In recent years, many new image detectors have been developed that are sensitive to 
extremely low light levels. These devices have given new importance to a perfor- 
mance criterion called detective quantum efficiency, or DQE. The subject of this 
investigation is to develop the basic experimental technology necessary to measure 
DQE of image detectors, and to apply these techniques specifically to photograph- 
ically recorded image intensifiers and to unaided photographic emulsions. 

DQE is defined as the square of the ratio of output S/N to input S /N. Input S/N is de- 
termined by the input photon statistics. Output S/N is determined by measuring the re- 
corded image. Two ways of measuring DQE are the single -level gradient method and 
the two -level AD method. The AD method gives a more appropriate measure of the per- 
formance of image intensifiers that have light- induced background. 

A special two -channel projector was built to measure DQE by the AD method. Its 
function is to superimpose the image of a signal target upon a uniform background 
irradiance. The same instrument can be used to obtain DQE measurements using the 
gradient method. 

DQE was measured for two image intensifiers (a high -gain TSE tube, model 
P829D, made by EEV, and a two -stage cascade intensifier, model C3301 1, a 
Carnegie tube made by RCA) and two unaided photographic emulsions (Kodak 
IIa -O and Kodak Medium Contrast Projector Slide). The results show that different 
image detectors may have considerably different DQE performance. For example, at 
425 nm, DQE values for the Carnegie tube were more than 20% (the quantum ef- 
ficiency of the input photocathode is 28 %) whereas both of the unaided photo- 
graphic emulsions gave peak DQE values no greater than 0.8 %. In addition, the peak 
DQE of the Carnegie tube occurred at roughly 10' photons /cm2 whereas the peak 
DQE of unaided IIa -O occurred at 109 photons /cm2 (both at 425 nm). Fur- 
thermore, single photon event detectors (such as high -gain image intensifiers) have a 
peak DQE near zero exposure with DQE decreasing as exposure increases whereas 
multiple photon event detectors (such as unaided photographic emulsions) have zero 
DQE near zero exposure, a peak DQE at an exposure which yields a corresponding 
output density of about 0.2 above fog, and a decreasing DQE for further exposure 
increases. 

Also measured were granularity, light- induced background, system modulation 
transfer functions, and relative system speeds. 
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INTRODUCTORY DISCUSSION 

In recent years, much time and money has been spent developing image detectors 
sensitive to extremely low light levels. These detectors include a wide range of sys- 
tems, such as image intensifiers for astronomical research, satellite -borne television 
cameras, and military night vision devices. To evaluate the performance of these 
various systems, one or more figures of merit must be devised that relate observed 
performance to either a theoretical limit or an arbitrary scale. The purpose of this 
investigation was to develop the technology relating to one of these figures of merit, 
called detective quantum efficiency, or DQE, and to apply these techniques to image 
intensifiers used with photographic emulsions, and, for comparison, to unaided 
photographic emulsions. 

In simplest terms, DQE is an absolute empirical measure of how efficiently a 
photodetector records the incident light. Most image detectors, especially those sen- 
sitive to low light levels, are ideally suited to being described in terms of their DQE. 
In fact, for many detector applications, DQE is the most important figure of merit. 
Thus, DQE information should help a potential user of an image detector to select 
the best available system for his needs and should also enable him to use it most 
effectively. In addition, persons engaged in developing and manufacturing new de- 
tectors should find DQE a powerful tool for evaluating and improving their 
products. 

The development of the DQE techniques described here is part of the research 
being conducted at the Image Tube Laboratory of the Optical Sciences Center. The 
purpose of the Image Tube Laboratory is to evaluate the performance of presently 
available image intensifiers, with emphasis on their ability to record quantitative in- 
formation. DQE will be included henceforth as one of the routine performance tests. 

Basic Concepts of Image Recording 

It is well known that light exhibits the properties of both an electromagnetic wave 
and a stream of particles, or photons, and that the energy of a photon is inversely 
proportional to its associated wavelength. For ultraviolet, visible, and infrared wave- 
lengths, all photosensitive detectors act as particle detectors. Thus, it is the particle 
nature of light that is of concern in this investigation. 
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In the study of photodetection, it is most important to understand the statistical 
nature of the arrival of photons. To illustrate this concept, imagine that a constant 
photon irradiance is shined onto a perfect single channel (nonimaging) detector system 
that counts each photon. An experiment is repeated many times that consists of 
counting the number of photons received in a given time interval. One might expect 
all counts to yield the same number. However, such is not the case. Although the 
individual counts cluster about an average value, a statistical variation is observed. 
This means that the arrival rate of photons is not constant. The standard deviation in 
the number of photons counted, according to both theory and experimental evi- 
dence, is equal to the square root of the average number of photons counted. For 
example, let ñ be the average result of many counts. If 71 is 100 photons per count, 
the actual counts would range from about 90 to 110, that is, 100 ±x100. Each 
count in this example may be thought of as being subject to an rms error of 10 %. 

However, if in a similar experiment Ti were equal to 101' , then the rms error would 
be 106, which is only 0.0001% of ñ. 

In everyday experience, one is usually dealing with large numbers of photons, so 
their statistical nature becomes unimportant. For low light applications, however, 
the above -described statistical variation must be considered. 

Signal -to -Noise Ratios 

The above examples can serve to introduce the concept of input photon signal -to- 
noise ratio, or input S /N. Let input signal, S, be defined as ñ, the average number of 
input photons derived from these experiments. Let the input noise, N, be defined as 
the standard deviation, or rms error, associated with Ti due to the photon statistics. 
From the first numerical example above 

(S/N),n = Tt/\/ñ = ñ = ffÚO- = 10. 

If, as was postulated, the detector used in the above examples is perfect, every 
incident photon is counted. Thus, the output S/N from the detector is equal to the 
input photon S /N. For many reasons, real detectors always degrade the output S /N, 
so output S/N is always less than input S /N. The amount of this degradation is a 

measure of how closely a real detector approaches the ideal limit. This is the origin 
of the concept of detective quantum efficiency, which is defined as 

DQE - (SlN)óutl(S/N)Iñ . 

Types of Output Information 

The hypothetical nonimaging detector used in the above numerical examples most 
closely resembles the case of a photomultiplier used in a pulse- counting mode. The 
resultant output has the same nature as the input, that is, counts or events. Few real 
detectors, either imaging or nonimaging, have an output that corresponds in this 
one -to-one manner with the input. The form of the output can range from a 
modulated electrical current to photographic density. Thus, although the definition 
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of input S/N based on photon statistics is simple and unambiguous, the definition of 
output S/N is not so simple because it depends on the form of the output and the 
information desired. 

For an imaging detector, the type of information desired usually falls into one of 
two classes: pictorial information or photometric information. 

Pictorial Information. If pictorial information is desired, the experimental task is 

usually to detect the presence of something and perhaps to measure its position. 
Because it is that which an observer sees on, for example, a photographic emulsion 
or a television screen that is of fundamental interest, the computation of output S/N 
should be based directly on this information in units of density, current, etc. 

Pictorial information is by far the most common form of output from image de- 
tectors and is of prime interest in commercial photography and television as well as 

scientific applications such as astrographic measurements of celestial objects, stellar 
and galactic radial- velocity determinations, photographic reconnaissance and map- 
ping, and medical photography. 

Photometric Information. If photometric information is desired, the usual re- 
quirement is to measure either the absolute brightness of an object or its brightness 
relative to other objects. Two examples of photometric measurements are (1) earth 
resources research using aerial or space photographs to derive the relative radiances 
of various ground objects and (2) photographic stellar photometry using an iris 
diaphragm photometer to determine the magnitudes of unknown stars by interpolat- 
ing between field stars of known magnitudes. In these cases, the output of interest is 
the final set of numerical results derived from a specialized data reduction routine. 
In particular, the output of interest is no longer photographic density or electrical 
current. Thus, output signals and noises should correspond to the final numerical 
results and their uncertainties. 

The most exacting photometric use of any photosensitive detector is in making 
absolute radiometric measurements using the calibrated detector itself as a secon- 
dary standard. Most determinations of DQE are based on use of a detector for this 
purpose, with output S/N defined by how accurately the detector can make these 
absolute measurements. Not all detectors, however, can make such absolute mea- 
surements. To do so normally requires an invariant, uniquely defined, calibrated 
relationship between input and output. Three detectors that are commonly used for 
absolute radiometric measurements are bolometers, vacuum photodiodes, and 
photomultipliers. In the photomultiplier, the photocathode- dynode chain must be 
stable over long periods of time, and, just to be sure, the calibration should be 
periodically rechecked. Note that all three of these detectors are single- channel 
devices. 

The unaided photographic emulsion is an image detector that can be used to make 
absolute radiometric measurements. However, allowances must be made for several 
photographic properties, especially image edge effects and reciprocity failure. Fortu- 
nately, edge effects can be made insignificant by considering only large areas of 
uniform exposure, and errors due to reciprocity failure can be removed by proper 
calibration procedures. 
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The situation is not so simple for an image intensifier that suffers from light - 
induced background. More will be said on this subject later. Basically, however, 
light- induced background is an added contribution to the output and is dependent 
on the amount and distribution of the image -forming light. Clearly, light- induced 
background will, in general, destroy any unique input- output relationship. 

Available Image Detectors 

Photography 

The oldest and most widely used image detector giving a permanent two -dimensional 
record is the photographic emulsion. The light- sensitive detectors are crystals of 
silver halide suspended in gelatin that is spread onto a suitable substrate such as glass 
or film. During development, the exposed crystals are reduced to light- absorbing 
silver particles. The resultant optical density defines the recorded image. 

Photography has the advantages of being inexpensive, easy to use, and fairly easy 
to calibrate. Photographic products are available in a wide selection of speeds, spec- 
tral sensitivities, spatial resolving capabilities, and substrates. However, photographic 
emulsions have a nonlinear calibration curve (the well -known H &D curve), suffer 
from reciprocity failure, and are subject to several microimage problems such as 
developmental edge effects and halation. 

Of particular importance, it will be shown later that photographic emulsions have 
a DQE that is less than 1 %. One reason for this low DQE is that a minimum of four 
or five incident photons must react with a given silver halide crystal in order to make 
it developable. This behavior is perhaps how the photographic process differs most 
fundamentally from photoemission. Photoelectrons are emitted from photocathodes 
by means of single photon interactions; photographic crystals are made developable 
by means of multiple photon interactions. 

It is interesting to note that, if the photographic process did operate by means of 
single photon event recording, there would be no reciprocity failure. However, it 
would also follow that the shelf life of photographic products would be considerably 
shortened owing to thermal fogging. 

For a further discussion of photographic theory, an excellent reference is by Mees 
and James (1966). 

Image Intensifiers 

The limitations of photographic emulsions have led to the development of other 
image detectors. One such device is the image intensifier tube. Image intensifiers 
attempt to combine the high quantum efficiency and linearity of photoemissive 
photocathodes with the two -dimensional recording ability of photographic emul- 
sions. 

The simplest image intensifier consists of a vacuum chamber containing a semi- 
transparent photocathode, a suitable electron lens assembly, and a phosphor screen. 
An optical image is focused onto the photocathode, thereby causing photoelectrons 
to be liberated. These photoelectrons are accelerated and imaged by the electron 
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lens onto the phosphor screen. The idea is to create an electron image on the screen 
that corresponds to the photon image incident on the photocathode. In addition, 
the electron lens also gives each photoelectron enough energy to produce, upon 
collision with the phosphor screen, a small scintillation consisting of several hundred 
photons. These scintillations, taken together, constitute the desired intensified op- 
tical image. This image can be viewed visually or it can be coupled to a photographic 
emulsion (or a television camera tube) by means of either a relay lens or fiber optics. 

Image intensifiers can be cascaded together to produce multi -stage systems with 
correspondingly higher gain. Figure 1 shows schematically a two -stage electromag- 
netically focused cascade image intensifier using a relay lens and photographic 
recording. Each photoelectron liberated from the input photocathode is imaged 
onto a thin phosphor -photocathode sandwich supported by a mica membrane. Each 
resultant scintillation in turn liberates 50 to 100 secondary photoelectrons from the 
adjacent photocathode. These secondaries are reimaged onto the output phosphor 
screen to produce a final large scintillation of many thousands of photons. Unfortu- 
nately, the fastest relay lenses are only 2% or 3% efficient. (This corresponds to an 
f /1.0 lens, which collects an f /2.0 cone of light when used at 1:1 magnification.) 
Therefore, only a few hundred photons from each output scintillation finally reach the 
photographic emulsion. When the quantum efficiency of the input photocathode is 
also considered, the above system should produce an over -all gain of about 50 to 100. 

If fiber optics, which are more efficient, had been used in place of the relay lens, 
the over -all gain would have been several thousand. (To achieve fiber -optic coupling, 
the output phosphor is deposited on one side of a fiber -optic plate, and the photo- 
graphic emulsion is pressed into contact with the other side.) 

Focusing magnet 

V I 
hi) 

L 

e 

L L 1 
Electrodes 

J._ 1 1 
Electrodes 

Photocathode 

Phosphor 

i T T T 

Photocathode 

Phosphor 

T T T T 

+ High voltage 

Relay lens 

Focusing magnet 

Fig. 1. Two -stage cascade image intensifier. 

Photographic 
emulsion 

5 



TSE Dynodes. In the above example, a two -stage intensifier was described having 
an interstage dynode composed of a phosphor -photocathode sandwich. A second 
type of dynode, now obsolete, consists of a thin membrane of potassium chloride. 
Potassium chloride has the property that high energy primary electrons can knock 
out several secondary electrons directly (without converting electrons into photons, 
and photons back into electrons). This process is known as transmission secondary 
emission, or TSE. Although TSE dynodes are simpler, they have the disadvantage of 
producing, on an average, only five to seven secondary electrons for each primary 
electron. Thus, more stages of amplification are required to produce the same over- 
all gain. Worse, the statistical relationship describing the relative probabilities of 
various multiplication ratios is exponential, not Gaussian, for potassium chloride 
dynodes (Wilcock and Miller, 1969). Thus, one primary electron may produce 10 
secondaries whereas another primary electron may produce only one or two -or zero 
(which is actually the most probable number). For this reason, high -gain multi -stage 
TSE intensifiers show poor multiplication statistics; that is, various identical input 
photon events produce corresponding output scintillations that vary randomly in 
brightness over a range of 100:1 (Dunham, 1966). This output event size nonuni- 
formity is a major reason why image intensifiers with TSE dynodes give inferior 
performance relative to cascade intensifiers of equivalent gain. The only reason for 
discussing this design is that one of the image intensifiers evaluated in this study has 
potassium chloride TSE dynodes. 

Electronography. For the sake of completeness, it should be mentioned that 
there is a variation of the image intensifier, called an electronographic camera, in 
which a photocathode and a nuclear track emulsion are placed together inside a 
single vacuum chamber. Primary photoelectrons are accelerated and focused directly 
onto the emulsion. The electron tracks thereby produced are the recorded output 
events. The electronographic camera has many theoretical advantages but is ex- 
tremely difficult to use in practice. Unless several practical breakthroughs occur, 
electronography will probably never be widely used. 

Low -Gain and High -Gain Modes. Image intensifiers, when coupled to a photo- 
graphic emulsion, can be thought of as operating in either of two modes: low -gain or 
high-gain. 

A low -gain image intensifier acts, to a first approximation, like a light amplifier. 
All of the properties of the photographic emulsion remain virtually unchanged, in- 
cluding reciprocity failure and a nonlinear response characteristic. In addition, the 
image intensifier contributes its own performance limitations (which may or may 
not be important in specific applications or in specific tubes). The many limitations 
include reduced spatial resolution, dark emission, light- induced background, geomet- 
rical distortion, and nonuniform response across the field of view. Nevertheless, low - 
gain image intensifiers have proved invaluable in many low light applications where 
unaided photographic emulsions would be impractical or impossible to use. 

A high -gain image intensifier is one whose speed gain is high enough that each 
photoelectron leaving the photocathode produces a corresponding output scintilla- 
tion of sufficient brightness to cause several grains in the recording emulsion to be- 
come developable. Such a system is fundamentally different from a low -gain inten- 
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sifier or an unaided photographic emulsion. The reason is that high -gain image inten- 
sifiers can record each individual photoelectron from the input photocathode, and 
have, therefore, reached the limit imposed by the photocathode quantum efficiency. 
(This is also true with electronography.) The system is operating in a binary mode; 
that is, either an event is present and recorded, or it is not. Further system gain can 
only increase the size of the recorded event but cannot increase the information 
obtained in a given exposure. In fact, excessive gain causes premature saturation of 
the recording emulsion. (An over -all system gain of about 1000 to 5000 is near 
optimum when a fast recording emulsion such as IIa -O is being used.) 

There will, of course, be a transition zone between low- and high -gain perfor- 
mance. In many cases it will not be obvious whether or not a specific image inten- 
sifier system is recording individual photon events. The critical test will later be 
shown to be based on the shape of the curve relating the dependence of DQE to 
either exposure or resultant density. 

Television 

Another basic means of recording images is by television. A TV camera tube con- 
verts an incident optical image into a corresponding analog modulated electrical 
current or voltage. Most television applications use this analog signal directly to 
produce a kinoscope display. Scientific research may require that the analog signal 
be digitized to improve long distance radio transmission (as was done on the Mariner 
spacecraft) or to facilitate direct computer reductions. 

A different type of digital television has recently been proposed in which in- 
dividual photoelectrons can be recorded as separate output events. In this technique, 
an image intensifier is used as a preamplifier for a TV camera tube. The input format 
is subdivided into a matrix of small elements called pixels (picture elements). The 
gain of the image intensifier is made high enough that, in theory, each time a photo- 
electron occurs in a given pixel, the television camera senses its corresponding scin- 
tillation and tells a data -storing computer to increase by one the count for that 
pixel. The advantages of such a system are tremendous. However, the practical in- 
strumental difficulties are also tremendous. Photon -counting television has become a 

possibility only in the past few years, and much work remains to be done. 
Further information on both image intensifiers and television systems is contained 

in the excellent series Advances in Electronics and Electron Physics, Volumes 16, 
22, and 28 (McGee et al., 1962, 1966, 1969). 

Performance Criteria for Image Detectors 

Many different performance criteria are necessary to completely describe an image 
detector. Some of the familiar performance criteria for photographic emulsions are 
speed, spectral response, spatial resolution (or modulation transfer function), con- 
trast (gamma), dynamic range (latitude), microimage properties (granularity, edge 
effects, etc.), and reciprocity failure. 

Electro- optical image detectors are described by many of the same performance 
criteria as are photographic emulsions, especially if an emulsion is part of the sys- 
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tern. In fact, all of the above criteria, with the exception of the specific microimage 
properties, apply even to television systems. Electro- optical detectors have many 
additional performance criteria, which must be specified. A complete description of 
an image intensifier must include gain, type and number of stages, type of input 
photocathode and its useful area, uniformity of sensitivity across the photocathode, 
dark background (including ions), light- induced background, geometrical distortion, 
event size uniformity, type of output phosphor, coupling method (relay lens or fiber 
optics), and fixed output noise (such as fiber -optic bundle pattern). A television 
system, which is the most complex image detector of all, requires most of the above 
specifications plus a description of type of camera tube employed and its operation, 
scanning geometry (number of lines, frame rate, interlace, etc.), display to be used, 
and many special properties such as signal- induced distortion (or beam bending). 

The emphasis in this investigation will be on one further performance criterion, 
quantum efficiency, as applied specifically to photographically recorded image intensi- 
fiers. Simply defined, quantum efficiency is the ratio of the number of independent 
output events recorded vs the corresponding number of input photons. For example, 
suppose that, for a given detector, an average of 20 input photons is required to 
produce one output event. The quantum efficiency would then be 1/20, or 5 %. 

The practical difficulty with the concept of quantum efficiency is in measuring 
the number of output events. Little problem is encountered with single photon 
event recording detectors. However, it is difficult to define, let alone measure, the 
output events in a multiple photon event recording detector. The problem of count- 
ing output events can be completely avoided by using the alternative approach of 
detective quantum efficiency. As was stated earlier, DQE is based on signal -to -noise 
ratios, the relationship being 

DQE - (SlN)óutl(S/N)iñ 

Both input S/N and output S/N can be defined and measured for all detectors. 
It is clear that DQE is a useful performance criterion. However, it is not obvious 

why it is called a quantum efficiency or why the ratio is squared. The answer to 
both questions is best shown by reconsidering the perfect single- channel photodetec- 
tor postulated at the beginning of this chapter. Recall that the input signal was de- 
fined as the average number of photons, ñ, incident in a given time, and that the 
input noise was the standard deviation associated with ñ, equal to, due to the 
photon statistics. Thus, input S/N is equal toy Because this detector was assumed to 
be perfect, the output S/N is equal to the input S /N. Therefore, DQE is unity, or 100 %. 

Now, imagine the same light falling on a similar detector, the only difference 
being that now only one out of four photons is detected. Clearly, the quantum ef- 
ficiency is '4, or 25 %. Input S/N is still However, output S/N is reduced to 
NM /4, or V.11/2. The ratio of output S/N to input S/N is 1/2. If the ratio is squared to 
obtain DQE, the result becomes 1/4, which is equal to the quantum efficiency. This 
illustrates that clàssical (or event counting) quantum efficiency and detective (or 
effective) quantum efficiency are each a measure of the same quantity. Only the 
experimental approach is different. 
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THEORETICAL BASIS 

The concept of detective quantum efficiency was first proposed by Rose (1946) and 
later extended by Jones (1959). The basic concept is applicable to all optical detec- 
tors, both imaging and nonimaging, provided that the detector and /or electronic 
amplifier noise does not completely overshadow the noise associated with the input 
photon statistics. In particular, photographic emulsions, image intensifiers, and most 
television camera tubes are correctly described by DQE. One notable exception is 

the standard vidicon TV camera tube, whose limiting noise is electronic amplifier 
noise (Jones, 1959, p. 139). In this investigation, only photographic emulsions, 
either unaided or used with image intensifiers, will be considered in detail. 

The Gradient Method 

All DQE measurements made to date are concerned with absolute radiometry and 
utilize what will be called the gradient method. The gradient method is based on 
how accurately a photodetector can verify a known input irradiance. As applied to 
photographic emulsions, the experimental technique involves examining one ex- 
posure level at a time. The input S/N is determined by the accuracy with which the 
photon statistics define this exposure level. The output S/N is determined by the 
accuracy with which the measured resultant photographic density and granularity 
(when converted into the corresponding equivalent exposure and its associated un- 
certainty by means of the characteristic curve) confirm the known input exposure. 
DQE is computed, as was discussed in the preceding chapter, by taking the square of 
the ratio of output S/N to input S /N. 

Most photographic exposures are produced by presenting various parts of an 
emulsion to a range of irradiance levels for a fixed time interval. The experimental 
problem is to determine the DQE for each of these levels (or the resultant density 
levels). To simulate this situation, the usual experimental procedure is to expose the 
emulsion to be tested to a calibrated image of a density step tablet and to use the 
measured values of resultant density and granularity of each step on the photograph 
to determine DQE as a function of exposure. A similar approach could be based on 
using a constant irradiance level and varying the exposure time; this is, perhaps, 
more relevant to some experimental situations where the irradiance of the image 
being photographed cannot be altered. Unless reciprocity failure is severe, the results 
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from the two methods should be similar. Although the above discussion refers spe- 
cifically to photographic emulsions, the method is generally applicable with little or 
no modification to any image detector system. 

Mathematical Relationships 

To derive the formula for DQE using the gradient method, assume that ñ is the 
average irradiance incident on the image detector in units of photons /area /time, E is 
the exposure in photons /area, A is the area of one picture element (in this case, the 
area on the emulsion that is contained within the defining slit of a microden- 
sitometer), and t is the exposure time. The input signal is defined to be equal to the 
average number of photons incident on area A during time t. Thus 

Si, = fAt photons. 

The input noise due to photon statistics is calculated by assuming a Poisson distribu- 
tion of samples about the mean. The standard deviation (rms error) per independent 
sample of the input signal is therefore 

Ni, = (T At)1 /Z photons. 

Thus, the input signal -to -noise ratio is 

(SIN)i = ñAt /(riAt)1/2 = (l At)1 (1) 

within area A during time t. 

The output S/N is determined by measuring the photographic record on a micro - 
densitometer with effective slit area A to obtain D and up. D is the average mea- 
sured density, and GD is the standard deviation per measurement of density (that is, 
granularity) associated with D. By use 
of the characteristic curve, D and aD 
can be transformed into the_corre- 
sponding quantities E and 0E. E is the 

1.2 
average measured exposure, and aE is 
the standard deviation per measure- 1.o 

ment associated with E. Both E and 
GE are expressed in units of photons/ 

o.a 

area. Note that, in this investigation, ó 0.6 

the characteristic curve will always 
refer to a graph expressing the rela- 

o.a 

tionship between input exposure (in 02 

units of photons /area) and resultant o 

density. In particular, the standard o 0.5 x io i2 i io 
Exposure (photons /cm at 425 nm on I IaO) 

graph of density vs log exposure is not 
used. Figure 2 is a typical characteris- 
tic curve. 
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To be consistent with the definition of input signal, output signal is defined as 

Sour = EA photons. 

However, note that, if the system calibration is accurate, this measured output signal 
should be, to within experimental error, numerically equal to the known input 
signal; that is, 

Saut = EA Sin = At photons. 

This approximation is accurate enough that, for purposes of determining DQE, it is 
not necessary to actually measure output exposure or to refer to the characteristic 
curve in order to determine output signal. In practice, the known input signal can be 
used instead. In other words, it is necessary to measure output density only for the 
purpose of determining output noise. 

To be consistent with the definition of output signal, output noise is defined as 

Nout = GEA photons, 

where QE, as defined above, is the standard deviation per measurement associated 
with E. However, recall that the microdensitometer measures GD, not GE. Now the 
characteristic curve must be utilized; there is no other way to convert GD into GE. 
The procedure is to use the slope or gradient, g, of the characteristic curve at the 
exposure or density level in question. The quantities GD and GE are usually small, so 
one can make the additional approximation 

Thus 

g = dD/dE GD/GE. 

Nour = (YEA aDAlg- 

This gives 

(S /N)our = EA /GEA ñAtl(aDAlg) 

= gift /GD. (2) 

Using Eqs. (1) and (2), the working formula for DQE by the gradient method in 
terms of known input quantities and measured output quantities becomes 

DQE = gZñt/aDZA. (3) 

Two additional points should be noted. First, the need to know the characteristic 
curve is another reason why a step tablet should be used as an input target. (This 
procedure also automatically includes the effects of reciprocity failure.) Second, if 
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input and output signals can be assumed to be numerically equal, the formula for 
DQE by the gradient method becomes 

DQE = (S /N)out /(S /N)z Ni /Nóut 

= ñAt/(aDA /g)2 = gZnt/cJ 2A, 

which is identical to Eq. (3). Thus, in effect, the problem of measuring DQE can be 
viewed as determining how the output noise from a real detection system compares 
with the input noise defined by the statistical arrival of the incident photons. 

Although the gradient method is conceptually satisfying and very useful in prac- 
tice, there exists one major problem. If the image detector to be evaluated suffers 
from light- induced background, as is usually the case with image intensifiers, the 
characteristic curve is not unique and, therefore, the value of g is no longer well 
defined. (This will be further discussed with experimental data in the next chapter.) 
As a result, DQE becomes a function of the quantity and distribution of the incident 
light. This shortcoming is one of the principal reasons for developing a second 
method, called the AD method, for determining the DQE of image detectors. 

The AD Method 

The AD method is based on recreating as closely as possible the conditions under 
which an image detector is actually operated. By this approach, the effects of all 
detector properties, including light -induced background, can be incorporated into a 

more realistic measurement of DQE. Unfortunately, use of the characteristic curve 
must be avoided, and this restriction precludes direct applications to absolute 
radiometry. 

An image detector can be used in many ways, but most detector- limited applica- 
tions involve the measurement of small differences in irradiance. For example, aerial 
reconnaissance photography is concerned with detecting the presence of low con- 
trast ground objects, and limit astronomical photography is concerned with detect- 
ing the faintest stars possible against the background of the radiant night sky. If 
optimum use is to be made of a given image detector in recording the information 
contained in the incident photons, it must be determined what exposure or resultant 
density gives optimum DQE of low- contrast image details. Therefore, these details 
will be defined as the signals in question. 

The experimental application of the AD method involves projecting a special cali- 
brated test target onto the photosensitive surface of an image detector. The simplest 
target consists of a small spot or signal of known irradiance superimposed upon a 
known uniform background irradiance extending over the entire detector area. The 
ratio of signal to background is arbitrary and is one of the variables of interest. As 
applied to the present investigation, a photographic emulsion is exposed to this 
target, either directly or through an image intensifier, and the resultant output 
record is measured on a microdensitometer. The input signal -to -noise ratio is com- 
puted, and the output signal -to -noise ratio is measured. These yield the DQE for the 
specific background exposure and target contrast selected. The procedure is then 
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repeated over a range of exposures and target contrasts to give a complete descrip- 
tion of system performance. In practice, to reduce the number of photographs 
necessary, an actual target contains several spots of increasing irradiance or contrast. 
Each spot, along with the constant background, yields a separate value for DQE. 
Thus, for a given background exposure, a functional relationship between DQE and 
input image contrast is obtained from a single photograph. 

A series of photographs is still required to determine the relationship between 
DQE and background exposure. Background exposure can be varied either by chang- 
ing the over -all irradiance or by changing the exposure time. Unless reciprocity 
failure is severe, the method selected should make little difference. Nevertheless, be- 
cause a choice had to be made, it was decided to vary the exposure time. The reason- 
ing is that, in most cases of scientific interest, it is the exposure time that is usually 
or more conveniently controlled. (For example, at the focal plane of a given tele- 
scope, an astronomer is presented with a fixed sky irradiance upon which are super- 
imposed images of predetermined incremental irradiances. Over -all exposure can be 
controlled only by varying the exposure time.) 

Mathematical Relationships 
To derive the formula for the input S/N of a given target spot, assume that Ti. is the 
average irradiance in photons /area /time of the spot with no background, Fib is the 
average background irradiance, A is the area of one picture element (the effective 
microdensitometer slit area), and t is the exposure time. Then the average number of 
photons incident within area A in time t in a bright spot with background is 

S + B = (fis + ñb )At photons. 

Similarly, the number of photons incident within an equal area of the background 
during an equal time is 

B = ñbAt photons. 

Because it is the spot as seen against the background that is of interest, the input 
signal is defined as the difference between the spot plus background, and back- 
ground alone; that is, 

Si, = (S + B) - B = T sAt photons. 

The input noise due to photon statistics is calculated assuming a Poisson distribu- 
tion of samples about the mean. The standard deviation (rms error) per independent 
sample of the spot (signal) plus background is 

Ns +b = ß(12s + nb)At]1/2 photons. 

Similarly, the standard deviation per sample of the background is 

Nb = (ñbAt)1 /2 photons. 
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Thus, for the signal alone, the corresponding input noise is the standard deviation 
per statistically independent sample of Sin = (S +B) - B; that is, 

Nin = Ns = [(iis 

[(Tis 

+ ñb)At + ñbAt]1/2 

+ 27 b)At]' /2 photons. 

Thus, the input photon signal -to -noise ratio becomes 

(SIN)in = ñsAtl [(ñs + 2ñb)At] 
lh 

(4) 

within area A during exposure time t, and normalized to one sample pair of signal 
plus background, and background alone. 

As with the gradient method, the output S/N is obtained by measuring the photo- 
graphic records with a microdensitometer of effective slit area A. For each signal 
spot, average density and standard deviation of density per measurement (gran- 
ularity) are required for both signal plus background and background alone, that is, 

Ds +b , QD,s +b , bb, and QD , b 
To be consistent with the gradient method and to make the results directly ap- 

plicable to absolute radiometry, each of the above average densities and correspond- 
ing standard deviations of density should be transformed into the equivalent ex- 
posure units by means of the characteristic curve. However, this procedure suffers 
from the same failing as the gradient method: The characteristic curve is, in general, 
nonunique if the detector in question suffers from light- induced background. Thus, 
converting output density measurements into photons /area is not always possible. 
For this reason, output signals and noises will be left in density units. (Note that this 
could not be done in the gradient method because some measure of contrast had to 
be included. In the AD method, contrast is included implicitly by the two -level 
approach.) 

Based on this discussion, and to be consistent with the definition of input S /N, let 
the output signal be defined as 

Sour = Ds = Ds +b - Db 

The output noise (caused by granularity) associated with the measurements of Ds +b is 

Ns +b - QD,s +b 

Similarly, the output noise associated with the measurements of Db is 

Nb - QD,b- 

Thus, for the signal alone, the output noise is the standard deviation associated with 
statistically independent samples of Ds +b -Db ; that is, 

Noua = Ns = (ab,s+b + °I) ,b)1/2 
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Therefore, the output S/N becomes 

(S/Njout 
Ds+b - Db 

(QD,s+b + QD,b)1/2 
(5) 

within area A. (The proper choice of the value of A will be discussed in the next 
chapter.) 

To obtain DQE by the AD method, Eq. (5) is divided by Eq. (4), and the quotient 
is squared. 

At this point, one might ask why the output is expressed in units of optical den- 
sity rather than transmission, opacity, or one of several other possible variables. An 
intuitive answer might be that density is roughly proportional to the amount of sil- 
ver contained in a developed photographic emulsion, which is, in turn, roughly pro- 
portional to exposure. However, the important reasons are that density is the most 
universally used measure of photographic output, that the Joyce -Loebl microden- 
sitometer that was used in this investigation reads in density units, and, most impor- 
tant, that the use of density works in practice, as will be shown in the next chapter. 
However, it is possible that a different set of equations based on opacity, for ex- 
ample, would be just as valid. 

Small AD Approximation 

It is of interest to ask what the formula for DQE using the AD method becomes 
when ñs << ñb (and, thus, AD --> 0 and aD s +b QD,b) In this case Eq. (4) becomes 

(S /N)in ñsAt /(2>tbAt)'2. 

Similarly, Eq. (5) becomes 

(S /N)out (Ds +b Db )f aD b 

Gradient is now reintroduced and written as 

_ AD Ds+b - Db Ds+b - Db 
g AE (7s + rib )t - izbt ñst 

Combining these equations, we obtain 

DQE - (S /N)óut/(S /N)n 

g2ïtbtfUD bA. 

This equation is the same as Eq. (3), the equation derived for the gradient method. 
Hence, in the limiting case of small values of AD, the AD method and the gradient 
method become mathematically, although not conceptually, identical. (Eq. (3) was 
also derived by Marchant and Millikan (1965) by a similar small AD approach.) 
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EXPERIMENTAL INVESTIGATION 

The present experimental investigation of detective quantum efficiency consists of 
three parts: (1) design, construction, and calibration of the DQE sensitometer, 
(2) exposure and measurement of the photographic records, and (3) data reduction 
and evaluation of the final results. 

The DQE Sensitometer 

To measure the detective quantum efficiency of an image detector, a known input 
signal is required. This can be obtained by projecting onto the detector the image of 
a test target whose irradiance is calibrated in units of photons /area /time. Many 
possible targets could be devised. Perhaps the best target for use with the gradient 
method is a simple density step tablet. However, for the AD method, a more com- 
plex target configuration is necessary. To project the required image and give maxi- 
mum versatility, a special two -channel DQE sensitometer was designed and built. 
Through one channel, the signal channel, a DQE test target is projected. The second 
channel floods the entire detector area with a uniform background irradiance to 
simulate the average conditions of a real situation. In this way, a calibrated image is 
produced containing signal plus background, and background alone. 

The basic optical layout for the DQE sensitometer was inspired by a related in- 
strument, called an astrosensitometer, whose function was to determine the relative 
abilities of different astronomical photographic emulsions to record faint stars 
against the radiant night sky background (Marchant, 1964; Marchant and Millikan, 
1965; Millikan and Marchant, 1966; Millikan and Yutzy, 1969). Although limiting 
stellar magnitude is a function of DQE, the astrosensitometer was not calibrated in 
absolute units, and no attempt was made to measure DQE. 

A schematic diagram of the DQE sensitometer is given in Fig. 3. A single 30 -W 

coiled filament lamp (GE 1699) is the light source for both signal and background 
channels. To obtain sources of light with uniform radiance, mirror tunnels are used 
(Chen et al., 1963). Between the lamp and the entrance to each mirror tunnel is a 
piece of frosted heat -absorbing glass and an attenuation plate. An attenuation plate 
consists of a sheet of metal with a series of holes. By selecting from a variety of 
plates, each with different hole sizes, the relative flux levels through the two 
channels can be adjusted. The signal target is uniformly irradiated by the end of the 
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large mirror tunnel; the uniformly radiant end of the small mirror tunnel is the 
corresponding object for the background channel. The prism beamsplitter super- 
imposes the signal and background channels, and the lens images the signal target 
and the end of the small mirror tunnel (highly out of focus) onto the photosensitive 
surface of the image detector to be evaluated. The fact that the background image is 
out of focus makes its irradiance even more uniform. 

Flat 
mirror 

Target 

Mirror tunnel 

Opal 
glass 

Flat f 
mirrors Opal 

glass 

Heat - 
absorbing 
glass 

Lamp 

1 
Mirror tunnel 

-°u 
I 

Attenuation 
plates 

Prism 
beam - 
splitter 

4 

Filter 

7 Lens 
I mage 
plane 

Flat --- - - - - -- - - - -- - - - - - - - - - - - - Flat 
mirror mirror 

Fig. 3. DQE sensitometer. 

For our particular instrument, the resultant image of the signal target is about 7 

mm on a side. This image is superimposed upon a background irradiance roughly 80 
mm in diameter. The optical system minifies the signal target by 10:1 so that the 
actual target is about 70 mm on a side. The lens (a 135 -mm, f/5.6 Schneider 
Componon enlarging lens) is mounted reversed front -to -back to retain the conjugate 
distances specified by the manufacturer to minimize aberrations. The lens has 
aperture stops ranging from f/5.6 to f/45, but for most purposes f/ l 1 or f/16 is used. 
The lens also has a Compur blade -type shutter (set on bulb) that is actuated by a 

solenoid controlled by an electric exposure timer. Placed in front of the lens are one 
of four presently available interference filters and any neutral density attenuation 
filters required. The interference filters have half -power bandwidths of roughly 25 
nm and central wavelengths of 425, 550, 650, and 800 nm. Outside the passband, 
the filters are blocked to less than one part in 104. 

Many DQE target configurations are possible. The DQE target chosen is depen- 
dent upon the specific information required. In the present research, it was desired 
to have information relating to spatial resolution in addition to the basic set of signal 
spots. The resultant target is shown in Fig. 4. This figure is a contact print of the 
actual target and is therefore a negative (the dark spots are actually transparent or 
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partially- transparent). The DQE target consists of 14 similar square wave resolution 
patterns, each of which, when imaged, contains spatial frequencies of 1, 5, 10, 15, 
20, and 25 line pairs /mm. In addition, successive patterns are attenuated (by a 
photographic step tablet laminated into the target) so that a given pattern transmits 
only 1/N/7 of the previous pattern. In this way, a range of irradiance of nearly 100:1 
is achieved. It should be noted that this target is a high- contrast target; that is, parts 
of the target either transmit light or are totally opaque. The contrast of the final 
output image of the DQE sensitometer is controlled by adjusting the superimposed 
irradiance from the background channel. The resultant operation of the complete 
system is illustrated by the image tube photograph of the DQE sensitometer image 
in Fig. 5. The actual diameter of the circular photocathode is 38 mm in this 
example. 

Fig. 4. Contact print of DQE target. 

The DQE sensitometer has been shown to be a very versatile instrument in prac- 
tice. By changing aperture plates, the output target contrast can be easily controlled 
over a wide range. By blocking off the background channel entirely (by using an 
aperture plate with no holes), measurements of DQE by the gradient method can be 
made using the calibrated target in the signal channel alone. In addition, each of the 
14 resolution patterns can be used (with or without background) to obtain the mod- 
ulation transfer function of the image detector system being tested. Perhaps the 
most versatile feature of the DQE sensitometer is that several different DQE targets 
can be made and quickly interchanged without destroying their calibration. To date, 
however, only one target has been used. 
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Fig. 5. Carnegie tube photograph of image produced by DQE sensitometer. 
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Figure 6 is a photograph of the DQE sensitometer being used with a two -stage 
cascade image intensifier. The filters are hidden by a light shield. 

Fig. 6. DQE sensitometer (on the right) being used to test Carnegie tube. 

Calibration of the DQE Sensitometer 

Calibration of the DQE sensitometer was done in two steps. The first was a relative 
calibration of the various irradiances in the output image. The second was a con- 
version of these relative measurements into absolute measurements in units of 
photons /area /time. 

Both the relative and absolute calibrations were made with the device shown 
schematically in Fig. 7. Essentially, the function of this system is to reimage onto a 
photomultiplier tube (PMT) a small, well defined portion of the image formed by 
the DQE sensitometer. To do this, a relay lens is used in conjunction with a defining 
field stop located just in front of the PMT. Grazing reflections off the walls of the 
optical system support tube are prevented by a glare stop (oversized field stop) in 
the input image plane. (The image of the glare stop on the defining field stop is 
slightly smaller than the support tube diameter.) The relay lens is a 50 -mm, f/4 
Schneider Componon enlarging lens operating at a magnification of 10:1. The 
photomultiplier is an EMI 9558B with an S -20 photocathode. The standard applied 
voltage used was 800 Vdc, which gave a dark current of about 0.3 nA. The maxi- 
mum output current never exceeded 10 µA, 1 µA being the usual limit. The output 
current from the PMT was measured on a Keithley model 610C electrometer. 
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Fig. 7. PMT -relay lens calibration system. 

Photomultiplier 

Relative Irradiance Measurements. Relative irradiance measurements are obtained 
by mounting the PMT -relay lens system on a platform with motions in three dimen- 
sions. Moving the platform in two dimensions permits examination of various parts 
of the image from the DQE sensitometer in turn. The third motion is for focus. The 
field stop most often used is a 3.2 -mm (1/8-in.) round hole, which corresponds to a 
0.32 -mm circle on the DQE image. This sample area is about optimum for measuring 
the irradiance of the 14 large squares of the image of the DQE target; each square is 
0.5 mm on a side. 

The following parameters were determined for each of the four filter passbands: 
(1) background irradiance in arbitrary units (nanoamperes output from the PMT), 
(2) irradiances of the 14 large squares of the DQE target without background, in the 
same units, (3) uniformity of irradiance across the signal channel image without the 
target, (4) uniformity across the background irradiance, (5) any irradiance non - 
uniformity across each of the 14 resolution patterns (the areas of each pattern 
nearer the target center were brighter owing to the scattering of the photographic 
step tablet and the mode of irradiation), (6) relative transmissions of the aperture 
plates (no wavelength dependence was observed), (7) relative transmissions of several 
f-stop settings on the lens (again, no wavelength dependence), (8) transmissions of 
several Wratten 96 neutral density filters (strong wavelength dependence), and 
(9) relative radiances of seven GE 1699 source lamps. 

Absolute Irradiance Measurements. One way to convert the relative irradiance 
measurements (in nanoamperes) into absolute units (photons /area /time) is to mea- 
sure a previously calibrated extended light source with the same PMT -relay lens 
system. (A "point source" such as a standard lamp will not do.) Fortunately, such 
standard extended light sources are available at the Calibration Laboratory of the 
Planetary Sciences Division, Kitt Peak National Observatory. Two of these sources, 
which cover different wavelength regions, have been calibrated both against NBS 
standard lamps and against blackbodies. Their output radiances are known in units 
of photons /cm2 /sec /sr /nm. 

To calibrate the PMT -relay lens system, the solid angle accepted was measured 
and the product of radiance and transmission for each of the interference filters was 
integrated numerically over wavelength. Thus, the fraction of the radiance from the 
standard source which was finally received by the PMT -relay lens system was cal- 
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culated in photons /cm2 /sec. Then, the PMT -relay lens system was pointed at the 
standard source and, using each of the interference filters, the output current was 
measured. The conversion factor is equal to the calculated input irradiance divided 
by the measured output PMT current. 

The resultant absolute irradiance measurements of the DQE sensitometer image 
are estimated to be accurate to within 20 %. This probable error is based on com- 
parisons of independent calibrations of the Kitt Peak sources by different means, on 
the repeatability of these calibrations, and on a probable error of 5% for the cal- 
ibration of the NBS standard lamps. The repeatability of the relative irradiance mea- 
surements, that is, the repeatability of the PMT current for a given target square, was 
within about 1% over a period of several weeks. The stability of the DQE sen- 
sitometer over many months was not measured, but great care was taken to ensure 
that, as far as possible, all optical, mechanical, and electrical systems remained 
unchanged. 

Technique of Measurement of the Photographic Records 

All of the photographic records made with the DQE sensitometer were measured on 
the Joyce -Loebl microdensitometer at Kitt Peak National Observatory. This instru- 
ment measures relative specular optical density by comparing the unknown density 
to a calibrated density wedge. Zero density is determined by including measure- 
ments of a clear emulsion of the same type (that is, fixed but not exposed or de- 
veloped). Thus, fog measurements refer to chemical fog, not gross fog. 

The Joyce -Loebl is a stable and versatile instrument. Repeated traces of the same 
emulsion area (even days apart) are identical. The comparison density wedges are 18 

cm long and are available with density slopes ranging from 0.021D /cm to 0.25D /cm. 
The defining slit jaws are plainly visible so that, by placing a calibrated ruling on the 
stage, the slit adjustment dials can be calibrated in micrometers on the emulsion. 
This is the procedure by which area A in the DQE equations is determined. 

There are two basic ways that the images produced by the signal target of Fig. 4 
can be measured. If spatial resolution information is desired, the microdensitometer 
slit can be scanned across one resolution pattern at a time. However, for present 
DQE purposes it is more informative to consider only the large squares on the end 
of each pattern and to scan across these at 90° to the individual patterns. By this 
procedure, a single trace can measure the densities of either the seven brighter 
squares or the seven fainter squares relative to the background density between 
squares (or relative to fog if the gradient method is being used). Densities relative to 
zero density can be determined by including a short scan of a clear emulsion at 
either the beginning or end of the trace. 

When using the OD method, the practical operation of the Joyce -Loebl makes 
measurements of granularity more accurate if two separate traces are made using 
expanded scales. First the target squares are measured relative to the background. 
Then, after a zero adjustment, the background alone is measured relative to a clear 
plate (emulsion fog may also be included). The background area selected is adjacent 
to the target, with the scan parallel to and equal in length to the target scan (about 
10 mm). 



In lieu of a practical analytical method for determining rms granularity, up, a 
technique was devised whereby the peak -to -peak height of the grain noise was 
visually estimated from the Joyce -Loebl traces. This height was then multiplied by a 
conversion factor to obtain oD . The conversion factor adopted, 0.27, was deter- 
mined empirically by digitizing one of the scans and computing up. 

During most of this investigation, oD was measured separately for each signal 
square, that is, for each density level. In theory, this is the required approach. How- 
ever, a difficulty arose because the signal squares are only 0.5 mm on a side. This 
restricted area permits the measurement of only a small number of independent 
samples of density with a correspondingly large uncertainty in the resultant value of 
0D. For most detectors, this problem can be solved by plotting a smoothed curve of 
Qp vs D using the large number of independent samples of background density avail- 
able on each of the AD method exposures. When this was done, it was interesting to 
note than an approximate dependence of op on 030 was observed, as theory 
predicts (Mees and James, 1966, p. 528), and that the scatter in the data was small 
(mean deviation about 3 %). The small scatter indicates that the visual estimates of 
granularity were at least consistent. 

Experimental Results 

The emphasis of this investigation was initially on the technical development and use 
of the AD method. As work progressed, however, it became clear that it would be 
interesting to also include results from the gradient method for comparison. The 
versatility of the DQE sensitometer made this addition easy to achieve. It is now felt 
that the two methods complement each other and should always be used together, 
not only as a check but also because of their different abilities to evaluate effects 
such as light- induced background. 

The present study of DQE was carried out in three sucessive phases. First was the 
measurement of DQE of unaided photographic emulsions. Kodak IIa-0 and Kodak 
Medium Contrast Projector Slide emulsions were selected because they were later to 
be used during the image intensifier DQE investigations. (Also, these are the 
standard emulsions used for other investigations in the Image Tube Laboratory.) The 
second part of the investigation was the measurement of DQE of a high -gain, 
five -dynode TSE image intensifier, model P829D, made by English Electric Valve 
(EEV) using both IIa -O and Projector Slide emulsions for recording the output. 
Third was the measurement of DQE of an RCA two -stage cascade image intensifier, 
model C33011 (commonly known as the Carnegie tube), using only IIa -0. 

Several other items besides the recording emulsions were standardized throughout 
the investigation. In every case, IIa-0 was developed in the new MWP -2 developer 
(Difley, 1968) in a tray with continuous agitation for 9 min at 20 °C, and Projector 
Slide was similarly developed in D -19 for 4 min at 20 °C. The DQE target was always 
placed in the center of the sensitive area of the detector to optimize image tube 
image quality and to minimize photographic plate edge effects; 50 mm X 50 mm 
glass plates were used exclusively. The relay lens used on both image intensifiers was 
an 85 -mm, f /1.0 Repro -Nikkor lens at 1:1 magnification, which reduced the maxi- 
mum cone of acceptance to the equivalent of an f /2.0 lens used at infinity. (Note 
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that setting the relay lens at f /1.4 gives the best compromise between speed and 
image quality. However, in the case of the EEV with its high gain, the relay lens 
could be set at f /2.0 to achieve even better image quality while still retaining the 
ability to record single photon events.) Finally, the DQE sensitometer was always 
used with the 425 -nm interference filter for the following reasons: (1) All image 
detectors to be evaluated are sensitive to 425 -nm radiation. (2) Both image inten- 
sifiers to be evaluated have S -20 photocathodes, which show a peak sensitivity near 
425 nm. (3) Comparisons between detectors are made more obvious if all are ex- 
posed to the same wavelength radiation. (4) The DQE of a photodetector need be 
measured at only one wavelength, with the DQE at other wavelengths being deduced 
by scaling the measured DQE up or down according to the relative quantum ef- 
ficiencies. (The relative quantum efficiency vs wavelength of the input photocathode 
of an image intensifier is usually given by the manufacturer. However, this informa- 
tion is almost never given for photographic emulsions. In either case, relative quan- 
tum efficiency is fairly easy to measure.) 

Results Using the AD Method 

As was discussed earlier, the AD method involves computing DQE from the densities 
produced by two different exposure levels. As a consequence, there are several 
possible ways of displaying the final results. The primary options relate to whether 
exposure or density should be chosen as the independent variable, and, because two 
levels are involved, what function of exposure or density should be adopted. 

Exposure is a useful variable, especially if the speed of the detector is of prime 
interest. However, if several different detectors, all employing photographic emul- 
sions, are to be compared, the DQE values as a function of output density often 
show relative performance more clearly. 

A more difficult problem is how to display DQE as a simultaneous function of 
two levels: signal plus background, and background alone. One possibility is to use 
the average of the two levels as the independent variable. However, there is no 
guarantee that DQE either would or should be equal for a large AD signal and a small 
AD signal, each signal having the same average density (or exposure). Therefore, it 
was decided to include both parameters explicitly in displaying the results obtained 
from the AD method. 

Figures 8a -h present the final DQE measurements of two unaided photographic 
emulsions and two image intensifiers. Each graph refers to one detector system, or 
system variation, and is composed of data obtained from a series of similar photo- 
graphs of increasing exposure times. Each exposure is represented on the graph by 
(1) a vertical line denoting resultant background density and (2) a series of points, 
each representing the measured DQE and corresponding total density (signal plus 
background) of one of the target squares. The data points are connected by straight 
lines and labeled with a number that denotes the relative exposure time of that par- 
ticular photograph. The corresponding background line is labeled with the same 
number. Thus, for each background density, one can immediately see what DQE can 
be expected for faint superimposed signals. 
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Although the AD method does not give DQE as a function of a single exposure 
level, it was thought worthwhile as an experiment to compute the average input ex- 
posure from the two actual exposure levels for each signal square and to plot DQE as 
a function of this average exposure. It was realized that this procedure is not 
theoretically rigorous unless ñs << Fib (AD -+ 0) and that much real scatter could 
therefore be expected. Nevertheless, the points did clearly outline a functional de- 
pendence between DQE and average exposure. A best curve was fitted through these 
points. The results are shown in Fig. 9. 
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It will be of interest later to compare the data in Fig. 9 with the results obtained 
by the gradient method when applied to the identical image detectors (see Fig. 10). 

Results Using the Gradient Method 

As explained previously, the gradient method was not included as part of this DQE 
investigation until the project was well under way. In particular, no exposures were 
made on unaided photographic emulsions specifically for the purpose of applying 
the gradient method. DQE measurements by the gradient method were first at- 
tempted with the EEV intensifier. Later, the gradient method was similarly applied 
to the Carnegie tube except that an improved procedure was used, giving a greatly 
expanded exposure range (600:1 vs 10:1). It is felt that these results obtained with 
the Carnegie tube amply demonstrate the validity of the final experimental proce- 
dure. (Recall that, in the present investigation, the gradient method involves block- 
ing off the background channel of the DQE sensitometer and using the large squares 
of the signal target as a step tablet.) 

29 



It was still thought desirable to have DQE measurements of unaided emulsions 
using the gradient method for purposes of comparison. This was accomplished by 
constructing the required characteristic curve for the unaided emulsions using the 
exposures and resultant densities of the background portions of the series of photo- 
graphs already obtained for the AD method. This approach presents two difficulties. 
First, few points were available with which to construct the curve (seven for IIa -O 
but only four for Projector Slide). Second, output density was controlled by varying 
the exposure time, not the irradiance. Thus, reciprocity failure makes a direct com- 
parison not strictly justifiable. 

The lack of data points made it impossible to apply the gradient method to Projector 
Slide emulsions, but a satisfactory set of DQE measurements was obtained for IIa -0. 
Although the detailed shape of the resultant DQE vs exposure curve may be ques- 
tioned, the magnitude of the peak DQE and its corresponding exposure appear correct. 

Figure 10 shows the final results from the gradient method with DQE plotted 
against exposure. The intensifier parameters in Fig. 10 are identical to those in 
Fig. 9. A related plot of DQE vs density is given in Fig. 11, which shows the effect 
of relay lens opening on DQE for the Carnegie tube. 

Effects of Light -Induced Background 

Perhaps the most graphic way of showing the effects of light -induced background in 
image intensifiers is to note any differences in the characteristic curves derived by 
(1) irradiating only small areas on the photocathode so that light- induced back- 
ground will be negligible, and (2) irradiating the entire photocathode by a single 
light level and making a series of photographs of increasing exposure. This is exactly 
what was done in, respectively, the gradient method and the AD method. The char- 
acteristic curves derived by these two methods are given in Fig. 12. Note that the 
intensifier systems used to obtain the first two graphs are identical except for the 
recording emulsions. 

In detail, complications could arise in Fig. 12 because exposure was not varied by 
the same means in both methods and because the small squares on the gradient 
method exposures may be affected by photographic edge effects. It is unlikely that 
the different means of varying exposure could have much effect because the high 
intensifier gains should practically eliminate reciprocity failure. However, photo- 
graphic edge effects may be significant. (The large squares of each pattern when 
viewed together, disregarding the differences in irradiance, resemble a 1 cycle /mm 
square wave.) Nevertheless, it is clear from Fig. 12 that both the EEV and the 
Carnegie tube suffer from light- induced background. In the EEV, the amount of 
light- induced background is truly astounding: There appears to be more light - 
induced background than image- forming light. The probable cause of this observed 
behavior is that the TSE dynodes in the EEV transmit many of the incident primary 
electrons. These transmitted primaries, which are not focused onto the subsequent 
dynode, produce much of the light- induced background. This explanation is sup- 
ported by the fact that densities produced by light- induced background alone have 
significantly lower granularity than equal densities produced almost wholly by 
image- forming light. The reason for this difference is that image -forming photoelec- 
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trons are amplified by all of the stages of the intensifier whereas a typical primary 
electron transmitted by an intermediate dynode is amplified by only the remaining 
dynode stages and, thus, produces a smaller output scintillation with a correspond- 
ingly reduced granularity contribution. This behavior is the reason uD had to be mea- 
sured separately for each value of density on each photograph taken with the EEV. 

The primary cause of light- induced background in the Carnegie tube (and a secon- 
dary cause in the EEV) is that the inside of the tube is highly reflective (Cromwell, 
1969, pp. 54 -61). Photons that pass through the semitransparent photocathodes can 
be reflected back again for a second pass (highly out of focus), thus producing the 
unwanted background. For multiple -stage intensifiers, the effect is worse in the 
input stage because of subsequent amplification by later stages. 

One way to reduce this form of light- induced background is to blacken everything 
inside the tube (except the photocathode). This idea was suggested and successfully 
proved by J. D. McGee, who used aluminum deposited in a very poor vacuum (0.2 
Torr) to produce a very dull black surface (McGee, Airey, and Aslam, 1966, p. 578; 
McGee, Aslam, and Airey. 1966, pp. 420 -421). Although some loss in resolution was 
obverved, it is surprising that this technique, or a similar one, has not been 
universally adopted. 

Granularity Measurements 

As previously discussed, input S/N for both gradient and AD methods is directly 
proportional to JA (where A is the effective area of the microdensitometer scanning 
slit), and output S/N is inversely proportional to granularity, up . According to 
photographic theory, al) should be inversely proportional to N/A (Mees and James, 
1966, p. 528). If this latter relationship is valid for photographic records of image 
intensifiers as well as unaided emulsions, the consequence would be that, for these 
detection systems, DQE would be independent of A. 

To test the dependence of up on A. a series of traces was run on the Joyce -Loebl 
microdensitometer using slit widths ranging from 5 pm to 160 pm. (The slit length 
was constant at 250 pm.) Figure 13 shows the results for the Carnegie tube and the 
EEV, both using lla -O recording emulsions, and for unaided Ila -O. Clearly, the 
Carnegie tube and unaided Ila -O follow the theoretical relationship. However, for 
slit widths narrower than 40 µm, the EEV departs severely from the 1 /N/A de- 
pendence. A similar test using the EEV with Medium Contrast Projector Slide emul- 
sions gave the same unexpected result. 

To date, no truly satisfactory explanation of this behavior has been proposed. 
One possible explanation was that too few output events were being measured with 
the narrower slits to give an adequate statistical sample. However, the same depar- 
ture was observed with Projector Slide emulsions, which are only 1/30 as fast as 
lla -O. Another possible explanation concerned the limiting spatial resolution of the 
system or, equivalently, the output scintillation diameter. However, the EEV and 
the Carnegie tube have similar resolving powers, and the Carnegie tube obeys the 
1/N/A dependence. 
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In this context, it is appropriate to give a visual impression of the nature of the 
recorded images obtained with different image detector systems. Figures 14a -c con- 
sist of three enlargements of only the DQE target portion of the photographs taken 
with the DQE sensitometer (both signal and background channels operating). All 
three examples (two of which are image tube photographs) use the same photo- 
graphic emulsion (IIa -O) and were chosen to have nearly identical background den- 
sities above fog (0.47). In addition, all were printed on No. 1 contrast grade of 
paper. The input target contrasts, however, are not identical. Figure 14c is especially 
interesting because it shows both the ability of the EEV to record single photon 
events and the range of the event sizes. 

The final solution to the problem of selecting the proper microdensitometer slit 
width was an empirical one. Apparently the EEV is well behaved for slit widths of 
40 pm or greater. Therefore, a 40 -µm slit was used to measure all the photographs 
made with the EEV. The choice of slit width was more arbitrary for the Carnegie 
tube records and for unaided emulsions. The values finally chosen were 20 gm for 
the Carnegie tube photographs and 10 µm for the unaided emulsions (both IIa-0 and 
Projector Slide). The slit length was 250 µm in all cases. 
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a Unaided lla-O emulsion; background exposure 2.7 X 

109 photons /cm2 at 425 nm; background density 
0.46 above fog; exposure 480 sec; Ws/Fib = 2.2 for 
brightest pattern. 

Fig. 14. Photographs of DQE target with background irradiation. 
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b 

36 

Carnegie tube with relay lens at f/ 1.4; Ila-O recording 
emulsion; background exposure 2.2 X 107 pho- 
tons/cm2 at 425 nm; background density 0.47 above 
fog; exposure 120 sec; ñs /ib = 4.5 for brightest pat- 
tern. 



C EEV with relay lens at f/2.0; Ila-0 recording emul- 
sion; background exposure 2.7 X 106 photons/cm2 at 
425 nm; background density 0.47 above fog; ex- 
posure 40 sec; risfirb = 11.3 for brightest pattern. 
(Note single photon event recording ability and event 
size nonuniformity.) 
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Measurements of Modulation Transfer Function 

One of the most significant figures of merit of an image detector is its spatial resolv- 
ing power. This capability is usually determined by measuring the limiting spatial 
resolution, that is, the highest spatial frequency that can be recorded. A more in- 
clusive measure of resolving power, one that is being increasingly used, is the mod- 
ulation transfer function (MTF). MTF is a measure of how well all spatial frequen- 
cies are recorded by an image detector, not just the value of the cutoff frequency. 
MTF is determined experimentally in a way similar to DQE; that is, a target of 
known spatial frequency and modulation is projected onto an image detector, and 
the resultant output densities are converted by means of the characteristic curve into 
equivalent irradiances from which output modulations are computed. The modula- 
tion of a signal in terms of its maximum and minimum irradiances is defined by 

M = 'max - Imin 

Imax + Irnin 

The MTF is the ratio of output modulation to input modulation, and ranges from 
zero to unity. 

In addition to being a function of many other parameters, DQE is also a function 
of MTF. If one assumes a flat noise -power spectrum, the DQE at spatial frequency v, 
relative to zero spatial frequency, is given by (Beckman, 1966, p. 377) 

DQEv = (DQEo )(MTF)2 . 

Thus, a complete evaluation of the DQE of an image detector must also include the 
measurement of MTF. This was the reasoning that suggested a DQE target composed 
of resolution patterns. 

The determination of MTF using the resolution patterns of the DQE target is 

based on the assumption that the optical system of the DQE sensitometer is diffrac- 
tion limited (when the f/5.6 lens is stopped down to f /16 and used nearly on axis). 
This allows the input modulation as a function of spatial frequency to be calculated 
theoretically. In addition, the MTF of all systems is normalized to unity at zero 
spatial frequency. 

All MTF data were obtained from photographs of the DQE target at high contrast 
(no background illumination). The brightest four or five resolution patterns were 
measured on a given photograph to determine any dependence of MTF on density 
(none was found for moderate densities). Finally, all MTF data were based on mea- 
surements of square wave frequencies of 5, 10, 15, 20, and 25 line pairs /mm using a 

10 -pm -wide scanning slit. 
The final MTF results are presented in Fig. 15. Medium Contrast Projector Slide 

emulsion, rather than IIa -O, was used with the EEV to achieve a high enough output 
S/N that MTF could be measured accurately. (The EEV with IIa -O yields very noisy 
images, as was shown in Fig. 14c.) 

38 



Carnegie tube with relay lens at f/1.0 
I la-0 recording emulsion 

10 15 20 25 
line pairs /mm 

Carnegie tube with relay lens at f/1.4 
0.8 I la-0 recording emulsion 

1.0 

10 15 20 25 
line pairs/mm 

Carnegie tube with relay lens at f /2.0 
0.8 I la -O recording emulsion 

LL 0.6 
I- 

2 0.4 

0.2 

0 

1.0 

10 15 20 25 
line pairs /mm 

EEV with relay lens at f/2.0 
0 8 Medium Contrast Projector Slide 

recording emulsion 
LL 0.6 
H 
2 0.4 

0.2 

0 
10 15 20 25 30 

line pairs /mm 

Fig. 15. Modulation transfer functions. 

39 



CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE RESEARCH 

Conclusions Based on Experimental Results 

DQE Conclusions 

Examination of the DQE results presented in Figs. 8 through 11 suggests three basic 
conclusions. 

First and most obvious is that different image detectors have different maximum 
DQE values. For the Carnegie tube with the relay lens at f/1.0, the maximum DQE is 
more than 20 %. (The amount over 20% depends on whether the gradient or AD 
method results are quoted.) It is of interest to note that RCA states that the quan- 
tum efficiency of the input photocathode of this particular Carnegie tube is 28% at 
425 nm. On the other hand, both of the unaided photographic emulsions tested have 
maximum DQE values no greater than 0.8 %. Clearly, image intensifiers allow the 
information contained in the incident photons to be recorded more efficiently. 

The second conclusion, almost as obvious, is that DQE is a strong function of 
exposure. For example, compare unaided IIa -O with lIa -O used with the Carnegie 
tube (relay lens at f/1.4). Figures 9 and 10 show that the Carnegie tube system has a 

DQE of roughly 15% at 10' photons /cm2. But at exposures of 109 photons /cm2 
the unaided emulsion with a DQE of roughly 0.7% has a higher DQE than the 
Carnegie tube. Note, however, that at exposures of 10' photons /cm2 the unaided 
IIa -O has a DQE of virtually zero. 

The third conclusion is that, for detectors employing photographic recording, the 
functional dependence of DQE on either exposure or resultant density is fundamen- 
tally different for single and multiple photon event detectors. Single photon event 
detectors (such as the EEV) have their maximum DQE very near zero exposure, with 
DQE falling off as exposure is increased. This behavior can be explained by noting 
that a single photoelectron can be detected, and that the limited information storage 
capacity of the recording emulsion can only decrease DQE as exposure is increased. 
On the other hand, multiple photon event detectors (which include the unaided 
emulsions and the Carnegie tube) have a peaked response curve, with DQE equal to 
zero near zero exposure, and with a maximum DQE occurring at a density value 
approximately 0.2 above fog. This density for maximum DQE appears to be nearly 
invariant for all multiple photon event detectors. 
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The existence of an optimum density can be demonstrated in another way by 
closely examining the Carnegie tube data in Figs. 9 and 10. Note that the peak DQE 
derived by the gradient method occurs at a higher exposure value than the peak 
DQE derived by the AD method. The shift in exposure appears in this case to be 
about 30 %. This shift can be explained by noting that the AD method generates 
more light- induced background than does the gradient method. Therefore, less inci- 
dent image -forming light is needed for the AD method, to achieve the same optimum 
output density. (It should be reemphasized that light- induced background is undesir- 
able and is not a practical way of reducing exposures.) 

Relative System Speeds 

DQE is the most fundamental measure of sensitivity of an image detector. However, 
system speed, or blackening rate, is often nearly as important in practice. Speed is 

inversely proportional to the exposure required to produce a given output density. 
The data given with the photographs in Fig. 14, all of which have a background 

density of 0.47, are ideally suited for use in computing the relative speeds of three 
of the most important image detectors considered in this investigation. These are 
(1) unaided 11a -O emulsions, (2) the Carnegie tube with IIa-0 and the relay lens set 
at f /1.4, and (3) the EEV intensifier with Ila -O and the relay lens set at f/2.0. If the 
relative speed of unaided Ila -O is defined as unity, the relative speed of the Carnegie 
tube is 120 and that of the EEV is 1000. (This value of relative speed of the EEV is 
inflated by light- induced background; the usable relative speed is closer to 500.) By 
a similar procedure, the speed of Medium Contrast Projector Slide emulsions was 
determined to be 1/30 the speed of IIa -O. (When used with higher irradiance levels, 
for which they were designed, Projector Slide emulsions may be somewhat faster.) 
All of the above speeds assume incident radiation with a wavelength of 425 nm. 

Output S /N, Required vs Delivered 

A basic problem in experimental science is to obtain output data containing enough 
information to yield sufficient measurement accuracy. For applications using image 
detectors, this means a sufficiently high output S /N. As seen in Fig. 14, the output 
S/N from different detection systems can be remarkably dissimilar. 

If output S/N must be increased, there are four basic approaches. The first is 
longer exposure so that the input S/N is greater. However, the limited information 
storage capacity of emulsions restricts the amount by which the corresponding out- 
put S/N can be increased before saturation becomes serious at high densities. Maxi- 
mum output S/N is obtained by exposing beyond the peak DQE to the point de- 
fined by a slope of -1 on the curve of log(DQE) vs log exposure. This criterion is 

derived by writing 

(S/N)óut = (DQE)(S /NVn 

Also, as was derived earlier (Eq. (1), p. 10), 

(S /N)? = ñAt = AE, 

41 



where E is exposure. Thus 

(S/N)z out = (DQE)(AE). 

Finally, the derivative of the logarithm of this expression is set equa] to zero to 
obtain 

[d log(DQE)] /(d logE) = -1. 

A second means of increasing output S/N is to take several similar exposures and 
superimpose them into a single photograph. This technique has been used for years 
by planetary astronomers to make finer planetary features visible. However, the pro- 
cedure is usually technically difficult, especially in regard to getting all the separate 
images correctly registered. 

A third way to increase output S/N is to use a slower detector system, which 
requires an increased input exposure. For example, an unaided photographic emul- 
sion could be substituted for an image intensifier system. However, in most cases, 
including the example given, a lower value of DQE would also have to be accepted. 
This defeats one of the main purposes of using image intensifiers. 

The fourth way to increase output S/N is perhaps the best. The technique simply 
involves enlarging the input image by optical means enough that the required ex- 
posure gives both the necessary input S/N and a resultant density with a high DQE. 
In effect, a given image area is allotted more picture elements with a corresponding 
increase in information storage capacity. A particularly graphic example is a high - 
gain image intensifier system; the recorded photon events are merely farther apart, 
leaving more room between for additional events. Of course, enlarging the input 
image decreases the field of view that can be recorded on a single photograph, but 
for many applications this is of secondary importance. 

Suggested Future Improvements 

The experience gained from using the DQE measuring techniques described above 
has led to two suggestions to improve the experimental procedures. The first in- 
volves the use of an improved DQE target or targets. The second involves the use of 
computers for data reduction. 

Improved Targets 

Although the present DQE target allows both DQE and MTF to be measured from a 
single photograph (and is useful in tests involving visual examinations of the rec- 
ords), the present consensus is that two separate targets, each designed for a specific 
function, would be preferable. For MTF, a single high- contrast resolution target 
(used without the background channel) is the obvious choice. An additional im- 
provement would be to include higher spatial frequencies; the latest image intensi- 
fiers can resolve more than 50 line pairs /mm on the photographic record. 
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The choice of an optimum DQE target is not so obvious. One requirement is that 
each part of the target be large enough to give an adequate statistical sample of den- 
sity for purposes of computing granularity. A second requirement is that the target 
geometry be compatible with automated computer data reduction techniques. 

For the gradient method, all requirements are satisfied by a simple density step 
tablet (as was proposed earlier). A photographic step tablet, such as is laminated into 
the present DQE target, could be used. However, the nonspecular attenuation (that 
is, scattering) of photographic emulsions, coupled with the fact that the target is 

spaced several centimeters away from the mirror tunnel, causes a measurable irradi- 
ance nonuniformity in the output image (that is, the target center is brighter owing 
to the presence of more scattered light). Because it is too difficult to modify the 
present DQE sensitometer to bring the target closer to the mirror tunnel, it is pro- 
posed to construct a step tablet from pieces of Wratten 96 neutral density filters of 
increasing densities. Wratten 96 filters are preferred because they do not scatter light 
and they attenuate by absorption. For neutral density filters that attenuate by 
partial reflection, the reflected light has to go somewhere, and it usually ends up as 
ghost images. However, Wratten 96 filters are by no means neutral, especially out- 
side the visible spectral range. This nonneutrality presents no problem and can be 
calibrated out if wavelengths for measuring DQE are chosen within the range 
roughly between 400 and 700 nm. This restriction is also no problem because DQE 
need be measured for only one wavelength, as discussed earlier. 

It should be no surprise that the same density step tablet just described for use 
with the gradient method is also ideally suited for use with the AD method. All the 
requirements are satisfied; that is, we now have a series of large, easy -to- measure 
signal spots of increasing irradiance. As an added practical bonus, the technique of 
measurement of the photographic records on the microdensitometer need only be 
modified to include a scan of the background density. Of course, the subsequent 
data reduction procedure is entirely different. 

Computer Reductions 

When the DQE of the Carnegie tube was evaluated, 36 separate photographic records 
were made, which resulted in more than 100 different traces with the Joyce -Loebl 
microdensitometer. With present procedures, more than a week was required to 
reduce the data from these charts to obtain densities, granularities, gradients, and 
finally, DQE's. Clearly, computer automation of the measurement and data reduc- 
tion phases of the operation is in order. 

The first step would be to measure the photographic records on a microdensitom- 
eter (or a microphotometer, which measures transmission) that has a digital output 
on punched cards, punched tape, or magnetic tape. The second step would be to 
write a computer program to reduce the data and present the final results in tabular 
and /or graphical form. 

In addition to the tremendous savings in time, the use of a digital computer 
affords several other advantages. In particular, computer reductions would eliminate 
the need for determinations of granularity, UD, by means of subjective methods. 
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Numerical techniques could be applied. In addition, Fourier techniques could be 
used to obtain noise power spectra of granularity. Thus, the final results would be 
more accurate and more complete. 

Research Plans 

Present plans at the Image Tube Laboratory are to implement the above improve- 
ments and to apply these DQE techniques to as many image detectors as possible. In 
particular, it would be instructive to measure the DQE of such new photographic 
emulsions as Kodak IIIa -J, of high -gain, three- or four -stage cascade intensifiers, of 
the new magnetically focused single -stage intensifiers with a fiber -optic output, of 
the many intensifiers designed for and used by the military in low -light night vision 
devices, of the new channel -plate image intensifers, of solid state arrays, and of the 
many television camera tubes and associated systems. The list could be extended 
indefinitely. (Note that signal- generating devices with an electrical output, such as 

television camera tubes, could be coupled to a computer directly.) 
It is hoped that the concepts and results presented here will be of interest to both 

users and manufacturers of image detector systems and that this study will facilitate 
a more widespread use of detective quantum efficiency as a fundamental per- 
formance criterion. 
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