
From earliest times man has sought to 
improve his ability to observe and record 
the brightnesses, positions, and motions 
of the celestial objects. The connection 
between improvement of observational 
capability and advances in the science of 
astronomy is a strong one. Even before 
Galileo's first use of the telescope, the 
Danish astronomer, Tycho Brahe, built 
the largest observatory of his time. His 
accurate measures of the positions of the 
planets over an extended period of time 
formed the basis for Johannes Kepler's 
development of the laws of planetary 
motion. Many subsequent discoveries 
can be directly related to the use of im- 
proved instrumentation. The proof that 
the wispy smudges seen between the 
stars are actually distant galaxies com- 
posed of billions of stars depended al- 
most completely on the use of the 100- 
inch (1 inch = 2.54 centimeters) tele- 
scope at Mt. Wilson. The 200-inch tele- 
scope on Palomar has likewise been cen- 
tral to many advances in our knowledge 
of the universe. 

Almost all the information we have 
about stars, galaxies, nebulas, and other 
celestial objects comes to us in the form 
of photons. Physical characteristics such 
as density, temperature, and composi- 
tion must be determined indirectly by 
analyzing the electromagnetic radiation 
arriving at the earth from these objects. 
Most astronomical objects are very faint 
by normal standards. Even at the focus 
of large telescopes, photons from the 
faintest measurable stars arrive at the 
rate of a few per second. The detectors 
used to record these photons form an im- 
portant part of astronomical instru- 
mentation. This article summarizes the 
detectors that are now in use at astronom- 
ical observatories and provides refer- 
ences to their detailed operating charac- 
teristics. 

The Photographic Plate 

Since the advent of photography in the 
second half of the last century, astrono- 
mers have used the photographic plate to 
detect and record images at the focal 
plane of their telescopes. Despite its 
drawbacks, the photographic plate is a 
wonderful device for recording a large 
amount of information. A large astro- 
nomical plate typically contains 108 or 
more individual picture elements other- 
wise known as pixels. Yet the pictorial 
presentation inherent in a photograph 
conveys this information to the human 
brain in a very effective manner. The 
photographic plate also has the capabili- 
ty of integrating over long exposure 
times thus greatly extending the astrono- 
mer's ability to detect faint objects. 
Moreover, photography is relatively 
easy to use and, with care, the stored 
record is permanent. 

Nevertheless the photographic plate 
has serious drawbacks as a photometric 
measure. These include nonlinear re- 
sponse, limited dynamic range, reciproc- 
ity failure (the reduction in sensitivity as 
exposure time is increased), adjacency 
effects (nonindependence of adjacent 
pixels), low quantum efficiency, and rel- 
atively high granularity. Many of the 
nonlinear effects are also wavelength de- 
pendent, and special processing methods 
are needed if the uniformity of response 
across the plate is to be maintained. 
These qualities make it difficult to cali- 
brate a photographic plate well enough 
to achieve a photometric accuracy better 
than 10 percent (1). It is impossible to 
give a single number for the real sensitiv- 
ity of photographic plates because the 
quantum efficiency depends on the expo- 
sure time. But in any case, the effective 
quantum efficiency of the older astro- 
nomical plates under normal use was no 

greater than 1 percent and usually less 
(2). 

Within the past 10 years, new spectro- 
scopic emulsions with considerable im- 
provement in sensitivity and granularity 
have become available. New pre- 
exposure sensitizing techniques have 
been developed; these include baking at 
60?C, soaking in nitrogen, soaking in hy- 
drogen, preflashing with a controlled 
light, or a combination of these. The ef- 
fectiveness of the photographic plate as a 
device to detect and record photons has 
improved considerably over the past 15 
years (3, 4). While perhaps not as glam- 
orous as the use of television-type sen- 
sors, the effect of these recent improve- 
ments on astronomical research has been 
enormous. 

In seeking ways to measure fainter ob- 
jects, it was natural for astronomers to 
turn to the use of the photocathode. The 
lure of the "perfect detector" has been a 
strong force influencing the development 
of astronomical instrumentation during 
the last 25 years. The desired character- 
istics are easy to enumerate; high quan- 
tum efficiency over a wide range of 
wavelengths, linearity of response, large 
dynamic range, both large- and small- 
scale uniformity of response across the 
surface of the detector, complete inde- 

pendence of response for neighboring 
pixels, freedom from detector-generated 
noise, and the ability to record images 
with good spatial resolution. This is quite 
an imposing list of requirements, not all 
of which have always been appreciated. 
One requirement that is often over- 
looked by enthusiastic instrument devel- 
opers is simplicity of use and reliability 
over extended periods at the telescope. 
The ultimate test of a new detector is not 
the pictoral quality of its first images but 
the new knowledge ultimately derived 
from its use by a wide range of working 
astronomers. In one or two cases where 
sufficient resources have been available, 
it has been possible to use a very com- 
plicated detector in a relatively routine 
manner. But the most useful scientific 
tool continues to be that one which can 
be used by a large number of scientists 
without the need for a long or com- 
plicated introduction or training period. 

The photocathode with its 10- to 20- 
fold improvement in quantum efficiency 
over the photographic plate was natural- 
ly of great interest to astronomers. Early 
astronomical use of the photomultiplier 
tube (a 1-pixel detector) demonstrated 
the many advantages of using a photo- 
cathode; good quantum efficiency, lin- 
earity, and relative ease of calibration. 
Together these attributes make it pos- 
sible to make routine measurements with 
an error smaller than 1 percent. 
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Two-Dimensional Detectors with 

the Use of Photocathodes 

To go to full two-dimensional imaging 
with a photocathode, two methods were 
tried. The most scientifically productive 
method for astronomical imaging has 
been the use of image-intensifier tubes. 
The cathode converts photons to photo- 
electrons and a system of electron optics 
focuses the image onto a phosphor 
screen at the output. A photographic 
plate then records the resulting image. 
The speed gain of the cathode is realized, 
especially in the infrared, and the severe 
nonlinearity of the photographic re- 
sponse at the lowest light levels is avoid- 
ed, making the output easier to calibrate. 
These gains are achieved at the cost of 
some image degradation. Astronomical 
applications of image-intensifier tubes 
have been reviewed by Wampler and 
Ford (5) and are included in Livingston's 
review (6). The situation has not changed 
much since the later review, except that 
fiber-optic faceplates to couple the cath- 
ode and the phosphor to the outside in 
electrostatically focused tubes are in 
some cases now being made of ultravio- 
let transmitting glass (7). The importance 
of the intensifier lies not only in its wide- 
spread use by astronomers throughout 
the world, but also in the fact that many 
of the other detector systems in use 
today depend on one or more stages of 
intensification for their operation. 

The use of television-type sensors is 
one way to apply photocathodes to as- 
tronomical use. Conventional television 
camera tubes, such as vidicons and or- 
thicons, have not performed well under 
the high-accuracy, low-noise require- 
ments of astronomy. The SEC (second- 
ary electron conduction) vidicon ef- 
fectively has one stage of intensification 
and also the capability to integrate for an 
hour or more. This brings the signal up to 
a level sufficient to overcome the inher- 
ent noise of the readout process, which 
amounts to several hundred electrons. 
Although it can be made in a rather large 
format (50 by 50 millimeters), the SEC 
vidicon has a limited dynamic range and 
nonlinear characteristics. However, sev- 
eral groups have successfully used this 
detector for a few specific projects (8). 

A breakthrough of sorts in the use of 
television-type sensors came in 1971 
with the introduction of a vidicon tube 
having a solid-state diode array as the 
target. Livingston (6) has summarized 
the early use of both the silicon vidicon 
and the silicon intensified target (SIT) 
vidicon. In the first tube the diode array 
is the photosensitive target. The spectral 
response extends out to a wavelength of 
1 micrometer; but with no predetection 
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amplification, the signal at low light lev- 
els is swamped by the readout noise of 
several hundred electrons. This tube has 
been used extensively by McCord and 
his co-workers especially for planetary 
observations. With extreme care they 
have achieved accuracies of better than 1 
percent for photometry of bright objects 
(9). As in any system in which television- 
type sweep circuits are used for readout, 
extreme care must be taken to maintain 
geometric stability of the sweep. This is 
especially true if successive pictures are 
to be subtracted or divided to find color 
or polarization differences. Shifts of as 
little as one-tenth of a pixel can cause 
problems if the image contains extreme 
gradients such as those found in a star 
field. 

The SIT vidicon uses a photocathode 
and one stage of intensification to over- 
come the readout noise limitation. Each 
photoelectron released from the cathode 
generates approximately 2000 electrons 
in the silicon target. The resulting signal 
is essentially free from readout noise. 
The SIT vidicon has been rather success- 
ful from the scientific standpoint. It is 
used on a regular basis at several obser- 
vatories (7) and has been used in the past 
3 years to measure the red shifts on more 
than 100 of the most distant (and faint) 
galaxies known (10). 

A third way to utilize the photocath- 
ode in a direct way is to record the pho- 
toelectrons directly on photographic 
film, a process named electronography. 
Originally developed almost single-hand- 
edly by Professor A. Lallemand in Paris, 
electronography has been used in the 
United States by Walker at Lick Obser- 
vatory, who has recently prepared an 
eloquent summary of the history of elec- 
tronography (11). In the simplest elec- 
tronographic camera, the film is exposed 
directly to the photocathode in a vacu- 
um. An electron optic system focuses 
the photoelectrons directly onto the film. 
At the conclusion of each series of expo- 
sures, the film is removed, thereby de- 
stroying the cathode. A new cathode 
must be made each time the camera is 
used-which is a severe drawback. 

Kron has developed an electron- 
ographic camera with a vacuum valve 
which allows the cathode to be used 
many times (12). After the film chamber 
is evacuated and cooled the valve is 
opened for the exposure sequence. It is 
closed again for film removal. The opera- 
tion is somewhat less complicated than 
that of the Lallemand camera, but in 
practice the user of the Kron camera 
must still make his own cathodes. 

A third method of electronography in- 
volves the use of a thin mica window 
through which the photoelectrons pene- 

trate, striking the recording film that is 
pressed against the window. The diffi- 
culty comes in trying to maintain the film 
tightly against the 5-micrometer-thick 
mica window, which must also withstand 
the atmospheric pressure. So far this has 
limited the available size of the detector 
(5 by 30 millimeters), although larger 
formats now seem possible. 

Despite high quantum efficiency, good 
linearity, high dynamic range, and ex- 
ceptional spatial resolution, the electron- 
ographic detectors have not really ful- 
filled the early hope that they would be- 
come a universal detector for astronomi- 
cal purposes. The reason is that 
electronography is doubly complicated. 
First, the camera itself is difficult to use. 
Then, the results are recorded on film 
and, although the nuclear emulsions used 
in electronography are linear, the prob- 
lem of extracting the information from 
the film is far from trivial (13). Electron- 
ography does not conform to the require- 
ment for simplicity set down earlier in 
this article (14). 

Composite Detector Systems 

Perhaps the most successful modern 
astronomical detector, the one that sets 
the standard by which others are judged, 
is the Image Dissector Scanner devel- 
oped by Wampler and Robinson at Lick 
Observatory (15). In the 6 years since its 
inception, this detector has been used 
extensively at Lick Observatory by staff 
and visitors alike. It has been copied at 
Ohio State, Texas, Kitt Peak National 
Observatory, and in Australia. It is al- 
most universally known as the "Wamp- 
ler scanner." To understand the success 
of this device, one has to be aware of two 
things. The first is the central role in as- 
tronomy played by spectroscopic obser- 
vations, and the second is the extent to 
which prime observing sites of 25 years 
ago have been compromised by the in- 
creasing brightness of the night sky 
caused by scattered light originating 
from growing urban areas. 

So far the Wampler scanner is a spec- 
troscopic or one-dimensional detector. 
In operation it has three stages of in- 
tensification followed by an image-dis- 
sector tube scanning the output phos- 
phor of the last intensifier. The scanning 
format is two lines each 2048 pixels long. 
The signal from the dissector is digitized 
and added synchronously in a circulating 
memory. The persistence of the phos- 
phor in the intensifier serves to store the 
signal until it can be read by the dissector 
tube. In use, one line contains the spec- 
trum of the object plus the night sky, 
while the second line contains the spec- 
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trum of the night sky alone taken at the 
same time. The effects of the bright night 
sky can be nearly eliminated by simple 
subtraction and the astronomer can ob- 
tain spectra of objects much fainter than 
the night sky. In addition, the digital data 
is continuously displayed graphically at 
the telescope so the astronomer has a 
check on the operation of the instru- 
ment. A minicomputer controls the op- 
eration of the detector which adds to the 
ease and simplicity of use. 

The Wampler scanner suffers from 
two problems-an increase in back- 
ground caused by electron scattering 
within the image-dissector tube, and long 
decay times for the phosphor which lim- 
its brightness of objects observed. Faint 

objects cannot be observed after bright 
ones. The latter problem can be alle- 
viated by careful planning of the observ- 

ing sequence (16). The noise introduced 
by the intensifier chain degrades the sys- 
tem by a factor of 2 compared to the 
ideal photon noise limited case. 

The Wampler scanner is a limited in- 
strument, put together in 1970 as a stop- 
gap until a better detector was devel- 

oped. The continued success of this sys- 
tem emphasizes the point that reliability 
and ease of use (including capacity for 
data handling and analysis) must be con- 
sidered in developing a detector system. 
By limiting the detector to one dimen- 
sion, many problems have been mini- 
mized and the data analysis problem can 
be handled with an inexpensive mini- 

computer plus a simple graphics display. 
The Lick Observatory system has facili- 
tated the entire process of extracting sci- 
entific data from starlight. 

A possible ideal detector would re- 
spond to every photoelectron generated 
by the cathode, putting out a pulse for 
each one. Each pulse would be position- 
coded, and these would be accumulated 
in an appropriate memory. Two such 
two-dimensional detectors have been 
built for astronomical purposes. The 
original pulse-counting detector was as- 
sembled by Boksenberg of University 
College, London (17). A similar device is 
still under development by Gilbert at the 
University of Arizona (18). Both systems 
are complicated in operation. They both 
have several stages of intensification fol- 
lowed by a television-type camera tube. 
Both systems employ electronics pack- 
ages which accurately locate the cen- 
troid of the intensified pulse which has 
been degraded by the intensifier chain. 
Development of both systems has been 
long and relatively expensive. To date, 
the major use of Boksenberg's system 
has been in the one-dimensional mode 
for spectroscopy of faint objects. The 
crucial limitation in a pulse-counting in- 
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strument is the requirement to sample 
each pixel more often than the photon ar- 
rival rate. As the number of pixels in- 
creases the speed of the electronics lim- 
its the photoelectron counting rate. Ten 
events per second per pixel seems to be a 
reasonable upper limit. At this rate an 
accurate calibration requires a long ex- 
posure time to accumulate sufficient 
events so that the random noise, which 
varies as the square root of the number 
of events, becomes acceptably small. 
Other operational problems are brought 
on by the inability to observe bright ob- 
jects, since the stars generally used as 
calibration objects are all too bright to be 
observed with this detector. Never- 
theless Boksenberg has shown that, giv- 
en sufficient support, it is possible to 
make such a complicated system work 
successfully at the telescope. 

An active program of spectroscopy of 
faint objects has been carried out with 
this detector at the Palomar 200-inch and 
other telescopes (19). 

Solid-State Diode Arrays 

The development of arrays of silicon 
diodes is a natural outgrowth of the in- 
creasing technological capability of 
semiconductor manufacturers. Various 
photosensitive silicon diode arrays have 
been available for several years. The in- 
tegrated linear diode arrays manufac- 
tured by Reticon were among the first 
available and have been used as astro- 
nomical detectors in a number of appli- 
cations (20). They are geometrically 
stable, relatively simple to use, have a 
high resistive quantum efficiency (RQE) 
(21), good dynamic range, and almost 
complete freedom from cross talk be- 
tween adjacent elements (22). Switches 
to read out the charge accumulated in 
each diode during the exposure are built 
into the chip along with a shift register 
for clocking. During the readout the 
charge accumulated in the diodes ap- 
pears as a video signal on the output 
lines and is measured by a charge-in- 
tegrating amplifier. A fixed pattern of 
noise which exists on the readout lines is 
caused by switching transients. This 
noise is troublesome but can be removed 
by subtracting a "dark" frame taken im- 
mediately after the exposure. The fixed 
pattern noise is sufficiently stable that 
complete cancellation is possible, down 
to the limit of the amplifier noise. For a 
Reticon this limit is equivalent to about 
1000 electrons per pixel, which limits the 
use of the Reticon to relatively bright ob- 
jects or the use of long integration times. 
Random thermal noise during the expo- 
sure can be reduced to the equivalent of 

1 electron per second per diode at a tem- 
perature of - 130?C. Exposures of up to 3 
hours in length have been made by Tull 
(23). It has been shown by Geary that the 
Reticon is best used for spectroscopy 
of relatively bright sources where high 
photometric precision is desired (24). 
For instance, Tull (23) has reported re- 
cent measurements of stellar spectra in 
which the signal-to-noise ratio exceeds 
1000. 

The Reticon has one other advantage. 
The pixels have been optimized for spec- 
troscopy. One especially useful chip 
contains two parallel arrays of 936 ele- 
ments each. The pixels are 375 micro- 
meters long and 30 micrometers wide 
spaced on 30-micrometer centers. This 
geometry matches well to a spectrograph 
slit and allows simultaneous spectra to 
be taken of adjacent areas for subtrac- 
tion of the night sky spectrum as de- 
scribed above. 

A number of other detectors are being 
developed that employ one or more 
stages of intensification ahead of a Reti- 
con array. They range from a very light 
and compact detector developed at Wis- 
consin (25) to far larger and more com- 
plicated pulse-counting devices. The 
Wisconsin detector uses a microchannel 
plate as the intensifier coupled to the 
Reticon by fiber optics. The reported 
performance is very good with excellent 
linearity and a high dynamic range. 

Shectman at the Hale Observatories 
and Hiltner at the University of Mich- 
igan have developed a pulse-counting 
spectroscopic detector using six stages 
of intensification and a Reticon array 
(26). They use a very clever and simple 
scheme to locate the centroid of the 
pulse produced at the output of the last 
intensifier. So despite the large width of 
the output pulse, there is no loss of ef- 
fective resolution through the in- 
tensification process. This simple and 
relatively inexpensive detector competes 
very favorably with the other pulse- 
counting detectors described earlier. 

Another successful detector named 
the Digicon uses the Reticon in the elec- 
tron-bombarded mode to detect photo- 
electrons directly (27). A remotely pro- 
cessed cathode and the Reticon are as- 
sembled together in an evacuated tube 
body. In use the photoelectrons from the 
cathode are accelerated and focused on 
the Reticon. Each photoelectron gener- 
ates 5000 electrons and the resulting 
charge is read out in the usual manner. 
Even at low light levels the readout noise 
is much less than the signal, and the noise 
is close to that of the input photons. 

The Digicon has two variants. One 
uses the Reticon self-scanned array. The 
other, originally developed by Beaver 
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and Mcllwain (28), contains a diode ar- 

ray with discrete amplifiers. Both ver- 
sions of the Digicon have been enthusi- 
astically accepted by the working as- 
tronomers who have used them. The 
original version with 40 pixels has been 
in use since 1971. Newer models have 
linear arrays of 200 pixels. Some prob- 
lems have recently come up in the manu- 
facture of the self-scanned version of the 
Digicon, but they seem to have been 
solved (29). 

So far I have discussed only the linear 
diode arrays. There are two types of 
two-dimensional diode arrays now in 
use. One is the charge-injection device 
(CID) and the other is the charge-coupled 
device (CCD). They differ mainly in the 
way the accumulated charge is read out. 
In the CID, manipulation of row and col- 
umn charges allows random access to 
the individual pixels if desired. The inter- 

esting feature is that the charge in each 

pixel can be read nondestructively. By 
rereading a number of times, it is pos- 
sible to reduce the readout noise, which 
has been reported to be equivalent to 
about 400 electrons, to a much lower val- 
ue (22). It is not yet clear how far this 

technique can be pushed, or how aggres- 
sively the CID technology will be 

pressed by the commercial manufac- 
turers. 

The CCD array is read out by transfer- 
ring charge from one pixel to the next un- 
til the entire array has been read out. 
Several groups in the United States at- 
tempted to use the early CCD arrays of 
100 by 100 pixels but without great suc- 
cess. In the early devices the readout 
noise limited use to relatively bright ob- 

jects. 
A relatively recent development has 

drastically changed that picture. In the 
last 6 months Texas Instruments has de- 

veloped a pixel CCD detector (400 by 
400 pixels) in which the silicon chip is 
thinned to a 10-micrometer thickness 
and illuminated from the reverse side. In 
tests at the Jet Propulsion Laboratory 
(30), the special on-chip amplifier has ac- 

tually achieved a readout noise of only 
15 electrons per pixel. The new CCD al- 
so has excellent linearity, a dynamic 
range in excess of 10,000, a peak RQE of 
70 percent at a wavelength of 0.7 micro- 
meter, and a reasonable sensitivity over 
the range 0.4 micrometer to 1.1 micro- 
meters. Westphal at the California Insti- 
tute of Technology is experimenting with 
a very promising method to extend the 
sensitivity well into the ultraviolet. 

Early use at the telescope indicates 
that this new CCD is performing as well 
under actual observing conditions as it 
did in the laboratory. If the CCD devel- 
opment program continues as expected, 
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we may see CCD detectors (800 by 800 
pixels) with the same characteristics 
within a year. Such a detector would 
come close to answering most of the de- 
tector needs of ground-based astrono- 
mers. In particular, the low readout 
means that intensification is no longer 
necessary, even at the very lowest light 
levels. 

Summary 

There is an almost bewildering variety 
of detectors being used for ground-based 
astronomical observations. Many of the 
detectors have advantages for particular 
projects. One-dimensional detectors are 
simple, yet suitable for spectroscopy. 
Other detectors offer high photometric 
precision and dimensional stability. 
Some are designed for observing only 
faint objects and some for bright ones. 
Sometimes the necessity of having a 
high quantum efficiency at a particu- 
lar wavelength dictates the choice of de- 
tector. 

In reality the situation is even more 
chaotic. This review has not covered 
some of the exotic detectors that have 
been developed for x-ray and far-ul- 
traviolet imaging from spacecraft. These 
detectors use devices such as resistive 
plates, multianode or crossed-wire mi- 
crochannel plates, and so on. These de- 
vices have not yet seen extensive use in 

ground-based applications, and their fu- 
ture as visible light detectors remains un- 
certain. 

The reasons for the development of 
such a wide variety of detectors are 
clear. Commercially available devices 
are simply not capable of meeting the 
low light level and photometric perform- 
ance capabilities needed for astronomi- 
cal observations. The driving forces are 
the commercial and military applications 
for detectors, and with few exceptions 
there has not been sufficient funding 
available to mount a detector devel- 
opment program for astronomy. There- 
fore, astronomers have sought to adapt 
existing commercial devices to the par- 
ticular problem at hand. The large num- 
ber of individual efforts summarized in 
this review is the result. 

In the future, I expect the variety to 
diminish as one or two really good detec- 
tors become capable of performing well 
under the wide variety of observational 
conditions encountered in astronomy. 
Many people have proclaimed the ulti- 
mate detector to be just around the cor- 
ner. This is yet to happen. However, I 
venture to speculate that low-noise, 
high-performance CCD detectors with a 
format of 500 by 500 or larger will 

emerge as the preferred astronomical de- 
tector within the next few years. I also 
expect photographic plates will continue 
to be used for the many applications re- 
quiring wide fields up to 10,000 pixels 
on a side. Finally, as the detectors ap- 
proach the ultimate quantum limit, atten- 
tion will shift away from them and toward 
development of the system necessary 
to manipulate, display, and extract the 
information from the 250,000 numbers 
that make up a 500 by 500 digital im- 
age. 
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